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A dominância de Cianobactérias na comunidade do fitoplâncton depende de um 
conjunto de fatores reguladores do seu crescimento. Determinar os gatilhos que 
promovem o crescimento de Cianobactérias e entender as causas da variação da 
diversidade fitoplanctônica são fundamentais para evitar a deterioração ambiental 
que as florações podem causar. Nesse sentido, no capítulo 1, os efeitos do 
enriquecimento por nutrientes no crescimento de Cianobactérias e produção de 
cianotoxinas foi sistematizado em uma meta-análise. O objetivo foi explicar a 
variação entre estudos usando a identidade das espécies, grupos de Cianobactérias, 
região do globo, abordagem de estudo, forma de N e P e tipo de toxina como 
moderadores. Os efeitos do enriquecimento por nutrientes no crescimento de 
Cianobactérias, principalmente observado em estudos experimentais, são maiores 
considerando adições de P, em região temperada e para Cianobactérias 
heterocitadas como algumas espécies pertencentes a ordem Nostocales. A 
produção de metabólitos secundários é melhor explicada pelos mesmos preditores. 
Nossos resultados sugerem atividades práticas para controlar nutrientes em 
ecossistemas aquáticos: a produção de toxinas é principalmente relacionada a 
nutrientes dissolvidos. Além disso, Cianobactérias heterocitadas e homocitadas 
foram aquelas que tiveram as maiores produções de toxinas em resposta ao 
enriquecimento por nutrientes, sugerindo precaução particular com relação a esse 
grupo. Nos capítulos 2 e 3, dados de 17 reservatórios paranaenses amostrados 
sazonalmente durante oito anos foram utilizados. No capítulo 2, a variação temporal 
da diversidade beta do fitoplâncton e seus componentes e a estrutura das 
metacomunidades fitoplanctônicas foram analisadas. A variação foi modelada em 
relação as condições climáticas, heterogeneidade ambiental, produtividade e/ou 
dominância de Cianobactérias. Não foram encontradas evidências de 
homogeneização do fitoplâncton. A heterogeneidade ambiental foi o principal 
responsável pela manutenção da diversidade, enquanto a eutrofização foi 
responsável pela redução. A estrutura das comunidades foi anualmente variável, 
enfatizando a complexidade da organização do fitoplâncton. O objetivo do capítulo 3 
foi determinar os preditores ambientas que geram a composição de espécies e 
grupos funcionais do fitoplâncton nesses reservatórios através de partição da 
variância. A variação temporal da fração ambiental foi modelada em relação a 
heterogeneidade ambiental, riqueza de espécies, dominância de Cianobactérias e 
produtividade. O determinismo ambiental das espécies e grupos funcionais do 
fitoplâncton foi muito variável temporalmente e dependente do grupo funcional 
estudado, enfatizando a importância de estudos temporalmente replicados e que 
utilizem caracteres funcionais para entender as causas da estruturação das 
metacomunidades. 
 
Palavras-chave: Fitoplâncton, diversidade beta, meta-análise, metacomunidade, 




Cyanobacterial dominance in the phytoplankton community depends on a set of 
drivers of its growth. Determine the triggers that promote Cyanobacterial growth and 
understand the causes of variation in phytoplankton diversity are fundamental to 
avoid the environmental deterioration caused by blooms. In this sense, in Chapter 1 
the effects of nutrient enrichment on Cyanobacterial growth and cyanotoxins 
production were systematized in a meta-analysis. Our aim was to explain the 
variation among studies using species identity, Cyanobacterial groups, region of the 
globe, study approach, N and P form, and toxin type as moderators. The effects of 
nutrients enrichment on Cyanobacterial growth, mainly observed in experiments, are 
higher considering P addition, mainly in temperate regions and for heterocyted 
Cyanobacteria like some belonging to Nostocales order. Production of metabolites is 
better explained by the same predictors. Our results suggest practical actions to 
control nutrients in aquatic ecosystems: toxins production is mainly related to 
dissolved nutrients. Also, heterocyted and homocyted cyanobacterium were those 
that had highest production of toxins in response to nutrient enrichment, suggesting 
caution particularly to those groups. In chapters 2 and 3, data taken seasonally for 
eight years from 17 reservoirs in Paraná state were used. In chapter 2, temporal 
variation of phytoplankton beta diversity and its components and the structure of 
phytoplankton metacommunities were analyzed. The variation was modeled in 
relation to climatic conditions, environmental heterogeneity, productivity and/or 
Cyanobacteria dominance. No evidence of phytoplankton homogenization was 
found. Environmental heterogeneity was the main responsible for maintaining 
diversity, while eutrophication was responsible for its reduction. Communities 
structure was yearly variable, highlighting the complexity of phytoplankton 
organization. Our aim in chapter 3 was to determine the environmental predictors that 
generate the composition of phytoplankton species and functional groups in these 
reservoirs by partitioning the variance. Temporal variation of the environmental 
fraction was modeled in relation to environmental heterogeneity, species richness, 
Cyanobacterial dominance and productivity. The environmental determinism of 
phytoplankton species and functional groups was highly variable and dependent on 
the functional group analyzed, emphasizing the importance of temporally replicated 
studies and using functional traits to understand the causes of metacommunity 
structuring.  
 
Key-words: Phytoplankton, beta diversity, meta-analysis, metacommunity, 
environmental determinism, temporal variation. 
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1. APRESENTAÇÃO DA TESE 
Essa tese apresenta os resultados das pesquisas científicas realizadas 
durante quatro anos de doutoramento no Programa de Pós-Graduação em 
Ecologia e Conservação da Universidade Federal do Paraná. Os capítulos com 
conteúdo científico estão formatados como artigos científicos e seguem as 
normas das revistas nas quais serão publicados. O primeiro artigo está 
formatado segundo as normas do periódico Harmful Algae (Qualis A2) e tem 
como principal objetivo entender o efeito do enriquecimento por nutrientes no 
crescimento de Cianobactérias e produção de toxinas. O segundo capítulo já 
foi publicado no periódico Freshwater Biology (Qualis A1) e tem como objetivo 
descrever e explicar padrões temporais em diversidade beta da comunidade 
fitoplanctônica de reservatórios subtropicais. O terceiro capítulo aprofunda as 
questões avaliadas no capítulo anterior e tem como objetivo entender padrões 
temporais no determinismo ambiental na organização da comunidade 
fitoplanctônica. Esse capítulo está formatado e já em processo de revisão no 
periódico Hydrobiologia (Qualis A2). Além dos capítulos organizados como 
artigo científico, essa tese também conta com um manuscrito formatado como 
artigo de divulgação científica, que sumariza para leitores em geral – e não 
somente para especialistas no assunto – a problemática envolvida nas 
questões dessa tese, assim como os resultados e implicações obtidas. 
Pretendemos submeter esse artigo para uma revista de divulgação e, por isso, 
está nas normas do Boletim da Associação Brasileira de Limnologia. Esse 
artigo foi usado como abertura da tese e introdução dos capítulos científicos e 
tem como objetivo aumentar a divulgação das pesquisas científicas realizadas 
nas Pós-graduações para a sociedade. Boa leitura! 
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Comunidade de algas em um mundo de mudanças induzidas 













1 Formatado segundo as normas do Boletim da Associação Brasileira de Limnologia. 
As normas do Boletim podem ser consultados no Anexo 1. 
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Comunidade de algas em um mundo de mudanças induzidas 
pelo homem: tendências para novas estratégias de gestão 
Juliana Wojciechowski1 & André A. Padial1,2 
 
1 - Pós-graduação em Ecologia e Conservação e Laboratório de Análise e 
Síntese em Biodiversidade, Departamento de Botânica, Setor de Ciências 
Biológicas, Universidade Federal do Paraná, Curitiba, Brazil 
 
2 - Pós-graduação em Ecologia de Ambientes Aquáticos Continentais, Núcleo 
de Pesquisa em Limnologia, Ictiologia e Aquicultura (Nupelia), Universidade 
Estadual de Maringá, Maringá, Brazil 
 
 
Figura 1. Coloração verde intenso durante floração de Microcystis no Lago Erie, 
entre os Estados Unidos e o Canadá, em 2011. Foto: Peter Essick, National 
Geographic. 
 
O crescimento da população humana tem gerado um aumento 
proporcional de poluentes nos ecossistemas aquáticos (O'Neil et al., 2012; 
Paerl & Paul, 2012) devido às descargas de esgotos domésticos e industriais 
dos centros urbanos e fertilizações provenientes da agricultura (Chorus & 
Bartram, 1999). Uma das principais preocupações, nesse sentido, é o 
enriquecimento dos corpos de água com compostos nitrogenados e fosfatados, 
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que causa um processo chamado de eutrofização artificial e que é altamente 
prejudicial ao funcionamento dos ecossistemas e para a biodiversidade 
aquática (Chorus & Bartram, 1999). Um aumento de nutrientes, em um primeiro 
momento, produz mudanças na qualidade da água e resulta no aumento da 
produção primária, incluindo o aparecimento de florações de microalgas. 
Florações são entendidas como o crescimento exagerado de uma espécie de 
alga, normalmente por espécies de um grupo chamado Cianobactérias. É 
comum observar florações mudando a cor de lagos urbanos para um verde 
intenso (Figura 1). A mudança ocorre não somente na beleza cênica, pois as 




Figura 2. Gêneros de Cianobactérias comumente observados formando 
florações em lagos urbanos: A) Dolichospermum, B) Aphanizomenon, C) 
Microcystis, D) Nodularia, E) Planktothrix e F) Cylindrospermopsis.  





A ocorrência de Cianobactérias em reservatórios que são destinados ao 
abastecimento público constitui um grave problema para as companhias de 
tratamento e distribuição de água (Hunter et al., 2012). Dentre os gêneros que 
mais aparecem em florações nesses ambientes estão: Dolichospermum, 
Aphanizomenon, Microcystis, Nodularia, Planktothrix e Cylindrospermopsis 
(WHO, 2003, Figura 2). Muitas características biológicas podem levar à 
dominância dessas algas sobre os outros grupos, como as características 
fisiológicas de assimilação de nutrientes. De maneira geral, as Cianobactérias 
são mais eficientes na assimilação de compostos de nitrogênio (N) e fósforo (P) 
do que os outros grupos de microalgas (algas verdes ou diatomáceas, por 
exemplo). Algumas espécies de Cianobactérias são fixadoras de N atmosférico 
(N2) e/ou estocam P na forma de grânulos no citoplasma (Reynolds, 1984). 
Essas características conferem uma vantagem adaptativa para as 
Cianobactérias e elas tendem a ser mais oportunistas em ambientes poluídos. 
Cianobactérias produzem compostos que originam gosto e odor na 
água, e aumentam consideravelmente o custo do tratamento para o 
abastecimento (Hunter et al., 2012). Além disso, algumas espécies podem 
produzir substâncias tóxicas como metabólitos secundários, as chamadas 
cianotoxinas (Carmichael, 1992). Algumas cianotoxinas afetam o sistema 
nervoso humano (como as anatoxinas e saxitoxinas), outras afetam 
funcionamento de órgãos como fígado (como as microcistinas, nodularinas e 
cilindrospermopsinas) e outras ainda podem ser irritantes ao contato com a 
pele. Há casos de intoxicação por cianotoxinas com repercussão mundial que 
ocorreram na Austrália e Canadá (Falconer, 2001; Griffiths & Saker, 2003). No 
Brasil, destacam-se os episódios de Paulo Afonso (BA), em que ocorreram dois 
mil casos de gastroenterites causados por cianotoxinas e 88 dos quais 
resultaram em mortes (Teixeira et al., 1993). Em Caruaru (PE), 60 pessoas 
submetidas a hemodiálise também morreram por intoxicação hepática causada 
por microcistina (Jochimsen et al., 1998; Carmichael et al., 2001).  
Grande parte dos reservatórios de água brasileiros apresentam 
florações de Cianobactérias tóxicas (Bouvy et al., 2000; Yunes et al., 2003; 
Sant’Anna et al., 2008). Os procedimentos de controle e de vigilância da 
qualidade da água para consumo humano e seu padrão de potabilidade no 
Brasil estão estabelecidos na Portaria do Ministério da Saúde Nº 2.914 (Brasil, 
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2011). Em reservatórios de captação de água, Cianobactérias devem ser 
monitoradas mensalmente ou até mesmo semanalmente quando a densidade 
dessas algas for maior que 20.000 células.mL-1. Além disso, quando ocorrem 
florações, a concentração de cianotoxinas não pode ser maior que 1 µg.L-1 
para microcistina e 3 µg.L-1 para saxitoxina. O uso de algicidas somente piora a 
situação, pois com a morte das algas há uma altíssima liberação de 
cianotoxinas.  
Fica claro que a melhor alternativa para garantir a qualidade da água 
dos mananciais e sistemas de abastecimento público é prevenir o 
aparecimento das florações. Com base na qualidade da água dos principais 
reservatórios brasileiros, os métodos tradicionais de gestão não estão sendo 
suficientes para evitar as florações de Cianobactérias. Novas ferramentas que 
visem entender as causas das florações, e também das mudanças em outros 
grupos de algas, são essenciais para promover a gestão adequada dos 
recursos hídricos. Nesse sentido, esse trabalho apresenta um resumo de 
pesquisas feitas entre 2013 e 2017 no Laboratório de Análise e Síntese em 
Biodiversidade da Universidade Federal do Paraná. As pesquisas são resultado 
de um curso de doutorado que tem como objetivo determinar as causas da 
variação das comunidades fitoplanctônicas e das florações de Cianobactérias 
potencialmente tóxicas através de diferentes abordagens. 
Uma das abordagens utilizadas para entender o efeito dos nutrientes em 
florações de Cianobactérias foi uma revisão da literatura científica. Um total de 
1304 artigos científicos foram revisados, e informações sobre os efeitos dos 
principais nutrientes relacionados à eutrofização (N e P) no crescimento de 
Cianobactérias e cianotoxinas foram tabulados. Também foram levantadas 
informações das espécies e dos grupos de Cianobactérias, das regiões do 
globo em que ocorreram os estudos, os tipos de estudo (experimentos ou 
estudos no campo) e formas dos nutrientes estudados (por exemplo, formas 
totais e dissolvidas). Em cada um dos trabalhos, foi calculada uma medida da 
intensidade na qual o aumento de nutrientes causa aumento no crescimento de 
Cianobactérias e toxinas (chamado nos artigos científicos de ‘tamanho de 
efeito’). Depois disso, foi utilizado um conjunto de análises estatísticas 
chamada de ‘meta-análise’, que permitiu a interpretação de uma média global 
do efeito dos nutrientes nas Cianobactérias.  
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Houve um efeito médio significativo do aumento de nutrientes no 
crescimento das Cianobactérias, mas não na produção das cianotoxinas. Isso 
ocorreu porque, especialmente a produção de toxinas, é maior ou menor 
dependendo das diversas características dos estudos que foram revisados. De 
fato, o efeito do aumento de nutrientes na produção de toxinas se torna forte e 
evidente especialmente em ambientes temperados, quando formas dissolvidas 
de nutrientes são estudadas, somente em alguns grupos de Cianobactérias e 
considerando uma ou outra toxina. A toxina com maior efeito se chama 
geosmina, que causa forte odor e afeta a potabilidade da água. A forma do 
nutriente desempenhou um papel interessante: amônia, nitrato e fosfato 
apresentaram efeitos positivos na produção de cianotoxinas, enquanto 
nitrogênio e fósforo totais indicaram o contrário. Esses resultados refletem a 
variabilidade de respostas das Cianobactérias quanto à regulação e produção 
de cianotoxinas. Os estudos realizados até o momento apontam diferentes 
forçantes ambientais relacionados à regulação da produção de cianotoxinas. Já 
se sabe que algumas espécies apresentam maior ou menor toxicidade em 
certas condições ambientais, mas ainda não se tinha ideia de quais situações 
propiciavam maior produção de cianotoxinas.  
O efeito dos nutrientes no crescimento das algas também foi muito 
variável e, pelo menos em parte, explicado pelas características dos estudos, 
em geral de forma similar a produção de toxinas. Resumindo esse estudo, 
algumas tendências foram indicadas e podem ser usadas como guia para 
novas pesquisas. Há um grande interesse em algumas espécies de 
Cianobactérias, como Microcystis aeruginosa (Figura 2C), e na produção 
relacionada de microcistinas que afetam o fígado. A nodularina, por exemplo, 
uma toxina com efeitos semelhantes aos das microcistinas, nem sequer 
apareceu entre os estudos revisados, ficando claro que mais estudos com esse 
grupo são necessários. Ainda, outras espécies menos estudadas apresentaram 
efeitos consideráveis do enriquecimento por nutrientes e maiores do que os 
encontrados para Microcystis, como várias espécies do gênero 
Aphanizomenon. 
Além das Cianobactérias, as pesquisas também estudaram como 
diversas características do ambiente afetam as espécies de algas em geral (o 
chamado fitoplâncton) que ocorrem em diferentes reservatórios de 
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abastecimento público do estado do Paraná. As mudanças nas espécies entre 
reservatórios foram medidas ao longo de até oito anos com coletas trimestrais. 
A heterogeneidade ambiental, ou seja, uma medida de quão diferente os 
reservatórios são em relação a uma série de medidas físicas e químicas da 
água, é a característica que mais esteve relacionada com as mudanças nas 
espécies. Além dessa, períodos com maior concentração de amônia (um dos 
nutrientes que mais causa floração, como observado no estudo anterior) e com 
maior densidade de Cianobactérias estavam relacionados com períodos nos 
quais as espécies eram menos diferentes entre os reservatórios. Essa 
conclusão foi possível depois de controlar outras características, como a 
sazonalidade e o fato de que os dados de períodos anteriores podem 
influenciar os resultados observados. Esses resultados são importantes para as 
recomendações de como minimizar as florações de Cianobactérias e seus 
efeitos nos ecossistemas aquáticos. As relações que foram observadas com 
Cianobactérias e nutrientes indicam que a poluição aquática e consequente 
aumento de Cianobactérias pode empobrecer a variação das espécies entre 
reservatórios, um processo preocupante no mundo todo chamado 
‘homogeneização biótica’ (Olden et al., 2006). Felizmente, não foram 
encontradas evidências de homogeneização biótica nesses reservatórios. 
Nesse sentido, foi ressaltado como a natureza da variação das espécies entre 
reservatórios pode ajudar a conservação. Por exemplo, os reservatórios podem 
diferir nas espécies devido à perda de espécies em reservatórios mais pobres 
(chamado ‘aninhamento’; Hultén, 1937, Darlington, 1957) ou devido à mudança 
de quais espécies ocorrem em reservatórios com um mesmo número de 
espécies (chamado ‘turnover’; Harrison et al., 1992, Baselga, 2010). Avaliando 
como essas medidas mudam ao longo do tempo pode indicar se a melhor 
estratégia é conservar muitos reservatórios ou focar os esforços naqueles com 
melhor estado de biodiversidade (Angeler, 2013). Considerando todos os 
resultados, controlar a eutrofização e evitar as florações de Cianobactérias são 
condutas essenciais para evitar a homogeneização biótica de reservatórios.  
Além dessa análise, foi feito um trabalho para entender especificamente 
o papel das características ambientais na composição das espécies de algas 
nesses reservatórios. Para isso, além de identificar as espécies em cada um 
dos períodos de coleta, várias características biológicas das espécies (como a 
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forma e a fisiologia) foram consideradas, o que permitiu classificar as espécies 
em grupos com características similares, os chamados grupos funcionais 
(Reynolds et al., 2002). Essas tabelas foram usadas para avaliar o grau com 
que as características ambientais causam mudanças nas espécies e grupos 
funcionais entre reservatórios em cada período. Tal ‘efeito ambiental’ foi 
avaliado após controlar as espécies que já existiam nos locais no período 
anterior, e a posição dos reservatórios no espaço. Obviamente, há períodos 
que há maior ou menor efeito puro das características ambientais. O objetivo 
foi justamente explicar o que causa esse maior ou menor efeito, o que permite 
entender os mecanismos que atuam na organização das comunidades 
fitoplanctônicas, auxiliando o entendimento das florações. O primeiro resultado 
interessante é que a explicação do efeito ambiental não é sempre maior 
quando os grupos funcionais são analisados, ao contrário do que poderia ser 
esperado. Grupos funcionais, por ter espécies parecidas, poderiam responder 
de forma similar a características ambientais. Independente disso, o efeito 
ambiental das espécies e grupos funcionais do fitoplâncton é muito variável 
temporalmente e para alguns grupos relacionado com a sazonalidade. Isso por 
si só é importante, pois encoraja os pesquisadores a irem além de estudos com 
uma única amostragem, já que os mecanismos que controlam as unidades 
ecológicas variam temporalmente e, em parte, são imprevisíveis. Ainda assim, 
os resultados mostraram que o determinismo ambiental é dependente do grupo 
funcional estudado e enfatizaram a importância de utilizar características das 
espécies para entender as causas das mudanças das comunidades ecológicas. 
Outra inovação desse estudo foi a utilização de uma matriz de dados biológicos 
para explicar a variação das comunidades. Ficou evidente que as composições 
históricas das comunidades são importantes para explicar a variação das 
comunidades fitoplanctônicas entre reservatórios. Todavia, esse tipo de 
influência é raramente considerada em estudos ecológicos com objetivos 
relacionados. 
Com o aumento crescente da população humana, espera-se um 
aumento proporcional na demanda por água potável. Com base na qualidade 
da água dos reservatórios brasileiros, as ferramentas de gestão atuais não são 
suficientes. As novas recomendações sugeridas aqui, como extrapolações 
baseadas em estudos temporalmente replicados e que levem em conta 
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caracteres funcionais das espécies, podem ser usadas como base para novas 
ferramentas que visem driblar a persistência de Cianobactérias na comunidade 
fitoplanctônica.  
Detalhes técnicos sobre esses estudos estão disponíveis na tese de 
doutorado “Causas da organização das comunidades fitoplanctônicas e do 
crescimento de Cianobactérias” (disponível na base de dados da UFPR 
<https://www.portal.ufpr.br/teses_acervo.html>) e em três manuscritos 
científicos relacionados. Até o momento, um desses manuscritos já foi 
publicado (ver Wojciechowski et al., 2016), outro está prestes a ser publicado 
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ABSTRACT 
Due the recent increase in nutrient concentrations in aquatic systems and the related 
intensification of Cyanobacterial blooms worldwide, the effects of nutrients’ availability 
on Cyanobacterial growth and toxin production have been extensively studied. We 
synthesized data using meta-analysis from the available literature relating nutrient 
enrichments and Cyanobacterial growth and secondary metabolites production. We used 
Random-Effects model meta-analysis to calculate global mean effect sizes. Our aim was 
explain the variability among studies using some moderators: species identity, 
Cyanobacterial group, region of the globe, type of study, N or P form, and type of toxin. 
We showed that the effects of nutrient enrichment on Cyanobacterial growth are 
dependent on the region of the globe and species identity. In addition, experimental 
approaches are more efficient for this purpose. The production of secondary metabolites 
was very variable, mainly related to species identity, Cyanobacterial groups, and region 
of the globe. Nutrients form played an interesting role on cyanotoxins production: 
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whereas NH4, NO3 and PO4 showed positive effects, TN and TP indicated the opposite. 
Our analyses also highlighted some trends on Cyanobacterial studies such as the high 
interest on Microcystis aeruginosa and microcystins production. Other less studied 
species showed high effects of nutrient enrichment, as several Aphanizomenon species. 
Further, the hepatotoxin nodularin, which may produce similar effects of microcystins, 
not even appeared in the studies analyzed. 
Keywords: eutrophication, geographical region, secondary metabolites, Cyanobacterial 





The occurrence of toxic and nuisance secondary metabolites (cyanotoxins) associated to 
blooms in freshwater is a major environmental issue, resulting in substantial economic 
losses (Steffensen, 2008, Hunter et al., 2012) and negative effects to human health and 
death of wildlife (Carmichael, 1992, Chorus and Bartram, 1999, Dokulil and Teubner, 
2000, Huisman et al., 2005, Azevedo et al., 2002). Not surprisingly, a number of studies 
aimed to find a definitive list of the triggers of Cyanobacterial blooms and cyanotoxin 
production. It is consensus that the increase in nutrient concentrations in aquatic 
systems due to human activities has been responsible for the intensification of 
Cyanobacterial blooms worldwide (O'Neil et al., 2012, Paerl et al., 2011). There is 
urgency in finding proper guidelines for managers: mitigating the causes and effects of 
harmful blooms is pivotal to ensure biodiversity and sustainability of aquatic 
ecosystems and provide access to diverse water uses (Paerl and Otten, 2016).  
Nitrogen (N) and Phosphorus (P) are the nutrients mainly associated to 
eutrophication. Their availability is one of the main phytoplankton drivers, and their 
effects on phytoplankton growth and composition have been extensively studied 
(Dolman et al., 2012, Loza et al., 2014, Andersson et al., 2015). N and P are also 
essential for Cyanobacterial growth and cyanotoxins production (Paerl and Paul, 2012). 
High concentrations of total N and P (Downing et al., 2001) and low N:P ratios (Smith, 
1983) have been related with high Cyanobacterial biomass and toxins concentration in 
several systems (Huber et al., 2012). Reducing nutrient inputs to aquatic environments 
is frequently claimed as a central strategy to minimize Cyanobacterial proliferation 
(Paerl, 2008, Paerl and Otten, 2016).  
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Nevertheless, studies relating nutrients enrichment and Cyanobacterial growth or 
cyanotoxins production have not always reported the same effect. Distinct directions 
and sizes of effects may be attributable to the dominant Cyanobacteria, local of study, 
and study consistency (i.e. coverage, replicates, and number of replicates). 
Cyanobacterial drivers are expected to differ among groups due the substantial 
differences in functional traits among clades. Main differences among groups are the 
life forms (unicellular/colonial or filamentous) and the ability to produce specialized 
cells (akinetes and heterocysts), which reflect on physiological differences. For 
instance, unicellular or colonial, i.e. Microcystis, and homocyted filamentous 
Cyanobacterium, i.e. Oscillatoria, are expected to require higher nutrient concentrations 
for the growth maintenance when compared to heterocyted Cyanobacterium (Nostocales 
order), i.e. Cylindrospermopsis (Reynolds et al., 2002). Cyanobacteria species classified 
in Nostocales order are able to produce specialized cells responsible for fixing 
atmospheric N or resistance to adverse conditions. Moreover, several species belonging 
to this order can use different P sources, possess high affinity and storage strategies for 
this nutrient (Padisák, 1997, Vahtera et al., 2007). Compared to other groups, 
Nostocales growth may be favored in nutrient depletion conditions (Padisák, 1997, 
Schindler, 2012, Figueredo et al., 2014). 
In addition to Cyanobacterial growth, some hypotheses try to explain the biosynthesis of 
metabolites by Cyanobacteria. Among them is the suggestion that cyanotoxins play a 
role as a feeding deterrent and in the defense against eukaryotes, signaling within 
communities, modulating protein stability and function (Neilan et al., 2013) or 
increasing nutrient uptake (Holland and Kinnear, 2013). However, there are also strong 
arguments against these hypotheses (Rantala et al., 2004, Makower et al., 2015). In this 
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sense, understanding the causes for secondary metabolites biosynthesis is essential to 
ultimately develop new management strategies against toxic Cyanobacteria. 
It is time for compile data on Cyanobacterial drivers and produce generalizations. In this 
sense, meta-analysis is a powerful tool for this purpose and may provide valuable 
insights to manage eutrophic waters. Based on that, the aim of this study was to evaluate 
effect sizes of the main nutrients associated to eutrophication (N and P) on the growth 
and secondary metabolites production in different groups of Cyanobacteria at different 
locations worldwide. Given that our main goal is to summarize current knowledge, we 
cannot generate specific expectations for all particularities of effect sizes, but we do 
expect that effect sizes will depend on the species identity and the biological group in 
which they belong, as cited above. We also tested for differences among regions of the 
globe – temperate, subtropical and tropical; nutrient identity – N and P forms; and study 
approach – experimental and observational studies. 
 
2. Material and Methods 
2.1. Database creation 
We synthesized data from the available literature relating nutrient enrichment 
and Cyanobacterial growth and secondary metabolites production. We considered 
surrogates of Cyanobacterial growth the following variables: density, biomass, 
biovolume, dominance, growth rate, chlorophyll-a, phycocyanin, and specific 
carotenoids. The secondary metabolites production considered were: microcystin, 
anatoxin, saxitoxin, cylindrospermopsin, and geosmin. We used several indexed (e.g. 
ISI Web of Science, ScienceDirect, Medline, PubMed) and non-indexed databases (e.g. 
Google, Google Scholar) for the search. For that, we used the search terms 
“(cyanobacteria*) AND (nitrogen*)” and “(cyanobacteria*) AND (phosphorus*)” on 
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the topic of the different bases. We also searched for Ph.D. thesis and M.Sc. 
dissertations in Google. We used documents in English and Portuguese. We do realize 
that there may be other studies reported in other languages not familiar to us. However, 
we do believe that our database is representative considering the global scale. We also 
checked for relevant studies cited in the reference list of the papers found in our search; 
and asked specialists for further studies. 
We firstly obtained 5978 results for N (exhaustive searches until 03 February 
2014) and 2279 results for P (exhaustive searches until 07 July 2016). Considering only 
the articles, there was a pronounced increase over the years (Fig. 1). USA and China 
were the countries that demonstrated most interest on the subject, with 1351 and 640 
articles, respectively. The journal that most published these papers was ‘Hydrobiologia’ 




Fig. 1. Number of articles relating Phosphorus/Nitrogen and Cyanobacterial growth or 





From the 5978 studies, the great majority did not directly evaluate the 
relationship between nutrients and Cyanobacterial growth and cyanotoxin production. 
We firstly filtered them by screening titles. After this, 3221 articles for N; and 1735 
articles for P were retained. We then read abstracts and eventually the entire article. We 
could extract 998 effect sizes for N and 891 effect sizes for P. Usually, more than one 
effect size was extracted from the same study. We considered them as independent only 
if the samplings were conducted in different sites or the experiments were performed 
using independent sampling units. We used an average effect size when more than one 
effect size was obtained for the same sampling units of a same study. Thus, we used 634 
independent effects for N and 670 independent effects for P. Such effects were obtained 
from a list of 279 independent publications (available in Appendix S1). 
 
2.2. Effect size estimation 
Effects were obtained by evaluating differences among treatments, correlations, 
regressions, or data available to calculate the effect size. Considering studies comparing 
means of treatments, we calculated Hedges’ g after applying a correction factor in 
Cohen’s d (equations available in Borenstein et al., 2009 – pages 26 and 27). We 
estimated Fisher’s z in studies that used correlations and linear regressions (equation 
available in Borenstein et al., 2009 – page 42). We then converted Fisher’s z in Cohen’s 
d (equation available in Borenstein et al., 2009 – page 48), and then in Hedge’s g after 
applying a correction factor as above. 
The table of effect sizes reported the following information, used as predictors of 





1) Type of study: experimental or field study; 
2) Geographical region (where the study was conducted or the strain was 
obtained): temperate, subtropical, tropical or global; 
3) Mode of life (of the dominant Cyanobacteria): unicellular/colonial, 
homocyted, heterocyted or more than one group; 
4) The dominant cyanobacterium identity; 
5) The form of nutrient: dissolved inorganic nitrogen (DIN), dissolved 
inorganic phosphorus (DIP), dissolved organic nitrogen (DON), dissolved 
organic phosphorus (DOP), ammonium (NH4), nitrite (NO2), nitrate (NO3), 
nitrogen oxides (NOx; NO+NO2), total nitrogen (TN), total phosphorus (TP), 
total dissolved nitrogen (TDN), total dissolved phosphorus (TDP), or soluble 
reactive phosphorus (PO4).  
The category “experimental studies” also included outdoor experiments, such as 
mesocosms. “Global” studies were those that used strains or samples taken from 
different regions of the globe.  
 
2.3. Data analysis 
We used Random-Effects model meta-analysis to calculate global mean effect 
size and effects of predictor variables (Borenstein et al., 2009). In this case, we used 
95% confidence intervals (calculated after 10,000 bootstrap resampling) to infer 
differences among mean effects sizes. Total heterogeneity among studies (calculated for 
the fixed-effects model) was estimated using Q-statistics, which was tested according to 
a chi-square distribution (Borenstein et al., 2009). This was done only to demonstrate 
high heterogeneity among studies and not as the criteria to define that Random-Effects 
model is the best choice. We tried to explain heterogeneity by calculating the coefficient 
23 
 
of explanation of each predictor (R2) considering the proportion of the observed 
variance that reflect real differences in effect sizes (i.e. the I2 statistic). Each predictor 
was tested separately, although we acknowledge that a generalized linear model could 
be used to model effect size variation according to all predictors. Our choice was 
motivated by the fact that: a) we wanted to interpret predictors separately; b) most 
predictors were correlated. We did two analyses to evaluate possible bias in effect sizes: 
the Rosenthal's fail-safe N, which estimate how many other effect sizes are needed to 
make the mean effect non-significant (Borenstein et al., 2009). We also used ‘trimm and 
fill’ method to evaluate how mean effect size is changed after bias correction 
(Borenstein et al., 2009). All analyses were performed by R software 3.1.3 (R Core 
Team, 2015) using the package metafor (Viechtbauer, 2010), and graphs were done in 
STATISTICA v. 7.1 (StatSoft, 2005).  
 
3. Results 
The number of effect sizes and the informations used as predictors of their 
variation are available in Table 1. 
 
Table 1. Number of effect sizes measured in each category of information extracted 
from the studies and used as predictors in meta-analysis. Dominant species of 
Cyanobacteria for each effect are shown in Appendix S1. 
Type of study 
Geographical 
region 
Mode of life 

































3.1. Effects of nutrients enrichments on Cyanobacterial growth 
The overall effect of nutrients enrichment on Cyanobacterial growth was 
significant and positive (Hedges’g = 0.68, P < 0.0001). In this case, Rosenthal's fail-safe 
N was 318,097, but ‘trim and fill’ method changed the mean effect size to 0.40, 
although it remained still significant (P < 0.0001).  
The heterogeneity among studies was significant (Q = 8930.6, P < 0.0001) and 
high (I2 = 88.6%). However, our moderators only explained a small fraction of the real 
heterogeneity (i.e. I2). Region of the globe explained 5.9% of the heterogeneity among 
effects, type of study 5.2%, dominant species identity 4.9%, form of nutrient 1.1%, and 
mode of life 0.1%. Mean effect sizes and the 95% confidence intervals for each 
predictor category are detailed in Appendix S2 and summarized in Figures 2-6. Mean 
effects of nutrient enrichments on Cyanobacterial growth were different depending on 
the region of the globe (although all regions considered had significant mean effect 
sizes, Fig. 2). Global studies and those conducted in temperate region showed 
significant higher effects compared to the subtropical region (Fig. 2). The effects were 
also significant for both types of study, and experimental studies had significant higher 
mean effect size than observational studies (Fig. 3). The mean effect was significant for 
most of the Cyanobacterial species analyzed, except for Planktothrix agardhii, 
Dolichospermum flos-aquae, Oscillatoria sp., Trichodesmium sp., Lyngbya sp., 
Planktolyngbya limnetica (Fig. 4). While most species increased in growth after an 
increase in nutrients, P. tenue, a Picocyanobacterium not identified, N. spumigena, and 
D. planctonicum showed a significantly decrease in growth. Mean effect on the growth 
of N. muscorum and A. platensis were significant higher than for most species analyzed 
(Fig. 4). PO4, TP, TN, NO3, and NH4 showed positive significant effects on 
Cyanobacterial growth. PO4 mean effect was the highest among all forms of nutrients 
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analyzed (Fig. 5). On the other hand, only NOx had a mean negative significant effect 
(Fig. 5).  All the Cyanobacterial groups had a significant and positive mean effect, and 
Heterocyted cyanobacterium had the highest effect (Fig. 6). 
 
3.2. Effects of nutrients enrichments on secondary metabolites production 
The global mean effect of nutrients enrichment on cyanotoxins production was 
low and barely significant (Hedges’g = 0.54, P = 0.06). Given this, Rosenthal's fail-safe 
N is meaningless. Even so, ‘trim and fill’ method did not change the effect size. 
Although lower than considering Cyanobacterial growth, among-effects 
heterogeneity was high (I2 = 63.3%). In this case, we could explain most variation using 
predictors. Mean effect sizes, and the 95% confidence intervals for each predictor 
category are detailed in Appendix S3 and summarized in Figures 2-7. From such real 
heterogeneity, species identity was the best predictor, explaining 84% (i.e. R2) of the I2 
variation. Dolichospermum sp. and Planktothrix agardhii showed the highest (and had 
the only two significant) effects (Fig. 4). The region of the globe explained 45.9% of the 
real variability. In this case, secondary metabolites production was highest in temperate 
region (Fig. 2). In the other regions, mean effect size was not even significant (Fig. 2). 
Cyanobacterial groups explained 73.9% of the variability. The effect of nutrient 
enrichment was significant in cyanotoxins production by filamentous Cyanobacteria 
(heterocyted and homocyted). The effect on cyanotoxins from heterocyted 
cyanobacterium was higher than most of other groups (Fig. 6). Nutrient form explained 
52.4% of the real variability in effect sizes of secondary metabolites production. In this 
case, a clear pattern arose: NH4, PO4 and NO3 had positive significant effects on 
cyanotoxins production and significantly higher than TN that had negative significant 
effects (Fig. 5). The type of study explained 54% of the variability. In this case, 
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experimental studies resulted in positive significant effects on cyanotoxins production, 
whereas field surveys resulted in mean effect no different from 0 (Fig. 3). The type of 
secondary metabolite explained 27% of the variability. The effect of nutrient enrichment 
was positive and significant only to geosmin. Other cyanotoxins effects were not even 
significant (Fig. 7).  
 
 
Fig. 2. Average effect sizes and 95% confidence intervals of global effect and effects of 
each region of the globe considering the effects of nutrient enrichments on 
Cyanobacterial growth (left) and secondary metabolites production (right). 
 
 
Fig. 3. Average effect sizes and 95% confidence intervals of global effect and effects of 
each type of study considering the effects of nutrient enrichments on Cyanobacterial 





Fig. 4. Average effect sizes and 95% confidence intervals of global effect and effects of 
each dominant cyanobacterium identity considering the effects of nutrient enrichments 
on Cyanobacterial growth (left) and secondary metabolites production (right). 
 
 
Fig. 5. Average effect sizes and 95% confidence intervals of global effect and effects of 
each nutrient form considering the effects of nutrient enrichments on Cyanobacterial 
growth (left) and secondary metabolites production (right). 
 
 
Fig. 6. Average effect sizes and 95% confidence intervals of global effect and effects of 
each Cyanobacterial group considering the effects of nutrient enrichments on 





Fig. 7. Average effect sizes and 95% confidence intervals of global effect and effects of 
nutrient enrichment on each secondary metabolite production. 
 
4. Discussion 
There is indeed great uncertainty in literature on which are the key drivers of 
Cyanobacterial blooms and cyanotoxins production. For instance, some species are 
known to exhibit high or low toxicity under different conditions (Kaebernick and 
Neilan, 2001), toxic and nontoxic strains of the same species are typically present in 
blooms (Monchamp et al., 2014, Rolland et al., 2013) and the toxic/nontoxic ratio may 
change during a season (Pearson et al., 2016). Also, other authors have demonstrated 
that cyanotoxins are typically accumulated in parallel to growth and may be 
constitutively produced (Stucken et al., 2014, Pierangelini et al., 2015 - for 
cylindrospermopsin, Orr and Jones, 1998 - for microcystin). Therefore, only systematic 
reviews allied to meta-analysis may found general patterns of the effect of drivers 
commonly faced as causes for Cyanobacterial blooms and cyanotoxins production. 
Our systematic review and meta-analysis aimed to find overall patterns on a key 
driver suggested by many studies: the effect of nutrient enrichment on both 
Cyanobacterial growth and cyanotoxins production. The first clear pattern of our meta-
analysis is indeed expected: nutrients enrichment does have an effect on both 
Cyanobacterial growth and cyanotoxins production. Both recent and old studies have 
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already shown that nutrient enrichment, a main cause of anthropic eutrophication, is a 
key promoter of Cyanobacterial blooms and production of secondary metabolites 
(Smith and Schindler, 2009, Paerl and Scott, 2010, Paerl et al., 2016). An alarming 
suggestion is that high nutrient concentrations may decrease the variation among 
systems and may promote an increase in persistency of Cyanobacterial blooms (Huszar 
et al., 2000, Figueredo and Giani, 2009, Figueredo et al., 2014). 
More important than this known conclusion, however, our meta-analysis showed 
that effect sizes are very variable, and variation can at least be partially explained by the 
predictors used here. It is important to note that predictors better explained variation in 
effects on metabolites production than on Cyanobacterial growth. This is interesting, 
and suggests that physiological responses of Cyanobacteria to nutrient enrichment are 
more predictable than resulting patterns in community descriptors of the group.  
 
4.1. Effects of nutrient enrichment on Cyanobacterial growth 
Although there is great real variation among the 1304 effects that we could 
obtain, such variation seems to be poorly related to the predictors used by us. Many 
features not evaluated here may determine why nutrient enrichment cause higher or 
lower growth in Cyanobacteria species. Unfortunately, we could not obtain information 
on other conditions that may interact with nutrient enrichment to explain variation 
among effects. Response of nutrient enrichment in Cyanobacterial growth may interact 
with other conditions of each study of our review. For instance, it is suggested that 
growth depend on other abiotic promoters, as climatic, morphological, physical and 
hydrological variables (Scheffer et al., 1997, Domitrovic, 2003, Jones and Elliott, 2007, 
Paerl and Huisman, 2008, Wagner and Adrian, 2009). Also, biotic interactions may 
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influence the effect of nutrient enrichment (Lazzaro et al., 2003, Brussaard, 2004), such 
as differences in previous conditions of the studied ecosystems (Sefbom et al., 2015). 
Apart from this, some characteristics of the studies did influence, although with 
low explanation power, differences among effect sizes. The first interesting result is that 
the effect of nutrient enrichment on Cyanobacterial growth was higher in temperate 
region. Given that radiance and temperature barely vary seasonally in tropical region, 
one could expect that nutrients enrichments would produce higher effect on 
Cyanobacterial growth at lower latitudes. On the other hand, the higher environmental 
variability in temperate regions may favor species that respond quickly to 
environmental variation, such as nutrient enrichment. Indeed, environmental variation 
may promote rapid algae responses considering nutrient uptake (Litchman and 
Klausmeier, 2008). Given the higher effect size, we suggest that not only increasing 
temperature (Wiedner et al., 2007, Paerl and Huisman, 2008, Mehnert et al., 2010), but 
also increases in nutrient concentration may be a key determinant to Cyanobacterial 
growth in temperate region (Taranu et al., 2015, Paerl et al., 2016). In addition, despite 
restricted to the summer months, some Cyanobacteria populations occur mainly in 
eutrophic temperate lakes (Stüken et al., 2006), reflecting the importance of nutrients to 
start the growth season. 
Nutrients enrichments exhibited positive higher effect on heterocyted 
Cyanobacteria (Nostocales) growth, although Cyanobacterial group was the worst 
predictor of variation in effect sizes (only 0.1%, see Fig. 6). At a first sight, this can be 
contra-intuitive given that atmospheric N fixation and efficient P stocking are 
ecophysiological strategies exhibited by species classified in this group. In this case, 
one can predict that Nostocales may grow faster and enhance dominance in nutrient 
poor ecosystems. Indeed, several evidences have suggested that low dissolved inorganic 
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N and P concentrations promote C. raciborskii growth (e.g. Mischke 2003, Briand et al., 
2002), the most studied Nostocales species. However, our results does not show that 
Nostocales ‘growth better’ at nutrient rich ecosystems, but only reflect the high affinity 
for nutrients of the species classified in this group. Therefore, we can expect that 
Nostocales may exploit both nutrient-scarce and nutrient-enriched environments 
worldwide. Relatedly, the high affinity for P (Isvánovics et al., 2000), a remarkable 
Nostocales trait, may have enhanced the global effect of nutrients enrichments on this 
group, and may be a likely reason for the high number of studies. 
The affinity for P in some taxa may also explain the fact that mean effect size 
was the greatest when nutrient enrichment was due to PO4 (see Fig. 5). It is intriguing 
that some nutrient forms show negative relationship with Cyanobacterial growth. 
However, it is important to note that the only significant negative effect size was 
considering NOx, with high variation. Indeed, the most common nutrient forms (and 
arguably important to promote Cyanobacterial growth; Lewis et al., 2011) are usually 
PO4, NO3, TP and TN, exactly the forms with highest mean effect sizes. 
Analyzing our results by type of study as moderator, both approaches resulted in 
significant effects of nutrients enrichment, however, field samples indeed showed lower 
effects. It is expected given experimental conditions control for interaction variables 
that may mask responses after manipulations. Even so, it is relevant to note that mean 
effect size indicate that Cyanobacterial growth is evidenced at field and in experimental 
conditions. 
The identity of the most affected cyanobacterium suggests that species from 
different groups may have a high response to nutrient enrichment, which explain the 
low explanation of Cyanobacterial group as a predictor of variation in effect sizes. 
Nostoc muscorum, Arthrospira platensis, Crocosphaera watsonii, and Gloeotrichia 
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echinulata (Heterocyted, homocyted, colonial, and heterocyted, respectively) were the 
most affected by nutrients enrichments. The physiology of these Cyanobacteria are less 
commonly studied. Cyanobacteria that causes more interest are species of Microcystis 
and Cylindrospermopsis, due the recurrent blooms dominated by these genera 
worldwide (Figueiredo et al., 2004, Sinha et al., 2012). Species of Aphanizomenon (A. 
issatschenkoi, A. aphanizomenoides, and A. gracile), along with Aphanothece 
halophytica, are the next most affected species on our list. Aphanizomenon is a 
Nostocales species oftentimes neglected on the studies on the effects of nutrients on 
Cyanobacterial growth, due the focus on Cylindrospermopsis. 
 
4.2. Effects of nutrients enrichments on secondary metabolites production 
Contrarily to Cyanobacterial growth, the real variation among the 1304 effects 
was reasonably explained by the predictors used. Therefore, interpreting the non-
significant mean effect of nutrients enrichment on secondary metabolites production is 
not as important as to understand which factors explain variation in effect sizes 
(Borenstein et al., 2009). Indeed, interpreting our results lead us to raise several 
hypotheses on the underlying regulatory mechanisms of cyanotoxins production. 
Before discussing them, it is important to note that real variation possible to be 
explained by the predictors was lower considering secondary metabolites (c. 63.3%) 
than Cyanobacterial growth (c. 88.6%). Indeed, it is very common to find other drivers 
of cyanotoxins in literature than nutrient enrichment, which may enhance the error 
within studies (i.e. 1 – I2, see Borenstein et al., 2009) and bias the estimation of the 
mean effect size of nutrient enrichment on secondary metabolites production. For 
instance, high light and iron limitation were reported to enhance microcystin production 
(Kaebernick et al., 2000, Sevilla et al., 2008). High light was also shown to increase 
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nodularin (Kopf et al., 2015) and cylindrospermopsin (Dyble et al., 2006). Temperature 
has been reported to decrease cylindrospermopsin production (Saker and Griffiths, 
2000) and plays a role on saxitoxins, but is very controversy even in the same species 
(Dias et al., 2002, Castro et al., 2004, Carneiro et al., 2009, Casero et al., 2014). Less 
commonly studied factors, as pH and homeostatic processes, may also affect saxitoxins 
biosynthesis (Pomati et al., 2003, Pomati et al., 2004). However, variations observed for 
the different environmental factors are strain and analogue-dependent (Sivonen and 
Jones, 1999). 
Even so, nutrient enrichment is commonly related to cyanotoxins, and we indeed 
show that variation in effect size depend on several factors. It has been shown that N 
limitation decreased microcystin (Harke and Gobler, 2013, Horst et al., 2014) and 
cylindrospermopsin production (Saker and Neilan, 2001). However, several species 
increased saxitoxin production at lower levels of nitrate (Velzeboer et al., 2001, Dias et 
al., 2002, Yunes et al., 2009, Casero et al., 2014), helping to explain the variation in 
effect sizes due to Cyanobacterial species and groups (Figs. 4 and 6). PO4 starvation 
also increased cylindrospermopsin production (Bar-Yosef et al., 2010). Our meta-
analysis gave us clues of the underlying factors affecting secondary metabolites 
production after nutrient enrichment. 
The clearest pattern is related to the nutrient form used as promoter of 
cyanotoxin production. Whereas NH4, NO3 and PO4 had significant and positive effects 
on cyanotoxins production, TN and TP showed exactly the opposite. The dissolved 
compounds are the portion of total nutrients that are mainly absorbed and promptly 
utilized (Wang et al., 2008). Thus, our data suggests that preventing dissolved 
compounds in water column may be the best strategy to reduce the effects of 
eutrophication in producing cyanotoxins. This result has strong implications for the use 
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of aquatic ecosystems, mainly those subjected to environmental pollution, for water 
supply. Several actions can decrease dissolved nutrients in water column. 
Physicochemical alternatives, such as dredging nutrient rich sediments (Peterson, 1982), 
hypolimnetic withdrawal (Nürnberg, 2007), aeration (Hickey and Gibbs, 2009), and 
application of adsorbents or immobilizer substances (Hickey and Gibbs, 2009, Douglas 
et al., 2016) have been applied for lake restoration. Biological process, as 
phytoremediation (Coveney et al., 2002, He et al., 2008), are also an option. It is 
important to notice that restoration of the water quality must involves reductions in both 
nitrogen and phosphorus concentration (Conley et al., 2009). Thus, preventive actions to 
reduction external nutrient load, as proper treatment of sewage and sewage diversion, 
are more efficient (Kagalou et al., 2008). We add by suggesting that such action 
decreases the chance of Cyanobacteria produce toxins that will hamper the use of the 
water. 
Other predictors can also explain variation in production of secondary 
metabolites in response of nutrient enrichment. A positive mean effect was significant 
only for heterocyted and homocyted cyanobacterium. It seems that the production of 
toxins by unicellular or colonial Cyanobacteria, the vastly studied and concerning 
microcystin (Bittencourt-Oliveira et al., 2015, Lee et al., 2015, Singh et al., 2015), may 
depend on other factors than nutrients enrichment. This suggests the other meta-analysis 
that evaluates the effect of other drivers can better explain microcystin production. 
Another underlying factor seems to be species identity. Metabolites production 
by Dolichospermum sp. showed the highest positive effect of nutrient enrichment, but it 
is important to note that only one study with several effect sizes evaluated this species, 
and reported effects on only geosmin production (see Saadoun et al., 2001). Geosmin is 
a secondary metabolite produced by Cyanobacteria, which causes taste and odor 
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problems in drinking water supplies (Graham et al., 2010) and has rarely been examined 
in empirical or experimental studies. Compared to the other toxins, this seems to have 
the highest response to nutrient enrichment (Fig. 7). Thus, more evidence is still 
necessary to conclude if Dolichospermum sp. and geosmin are mainly affected by 
environmental changes related to nutrient enrichment, such as eutrophication. The mean 
effect of nutrients on microcystin production was also positive and significant for 
Planktothrix agardhii, although with high variation. For the other taxa, effects were 
mixed, resulting in non-significant mean effect sizes for taxa highly studied, such as 
Microcystis species. 
We have also found that secondary metabolites production in response to 
nutrient enrichment depend on the geographical region. The mean effect of nutrient 
enrichment was significant only in the temperate region, and very variable in the 
tropics. This is similar to results obtained for Cyanobacterial growth, and suggests that 
the environmental variability at higher latitudes may also favor species and strains that 
respond quickly to nutrient enrichment (Litchman and Klausmeier, 2008). Only 
experimental approaches resulted in significant effects on cyanotoxins production, 
despite the high number of studies for both. As above, the same reasons explained for 
the effects on Cyanobacterial growth apply here. 
It is also important to highlight general features of our search considering 
cyanotoxins production. Despite the great interest in microcystins production, not only 
due to the acute poisonings but also due to chronic exposure in drinking water, which 
can potential promote cancer in humans (Ueno et al., 1996, Zhou et al., 2002), related 
toxins, such as nodularins, are poorly studied and did not appear in our database. 
Nodularin is a hepatotoxic cyanotoxin closely related to microcystin, which may 
produce similar effects in human body (Carmichael, 2001, Codd, 2000, Falconer, 1998). 
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Our concern is reinforced by the high effect of nutrients enrichment on Nostoc 
muscorum, particularly in the actual scenario of hypertrophication of aquatic 
ecossystems. Nostoc is a genera that potentially produce nodularin. For instance, 
nodularin have been described to occur during Nodularia spumigena blooms in brackish 
water bodies such as the Baltic Sea (Moffitt and Neilan, 2004). 
 
5. Conclusion 
Our study innovates by using meta-analyses to better understand effects of 
nutrients enrichments on Cyanobacterial growth and secondary metabolites production. 
A global mean effect is significant for Cyanobacterial growth, although we must 
highlight high variation in effect sizes that is explained weakly by the predictors used. 
Even so, we could find some patterns. The effects of nutrient enrichment mainly 
observed in experiments is higher considering P addition, mainly in temperate regions 
and for heterocyted Cyanobacteria like some belonging to Nostocales order. 
Finally, it is interesting the fact that production of metabolites is better explained 
by the same predictors than Cyanobacterial growth. A similar result has never been find, 
and suggests that variation in effects sizes of nutrient enrichment in physiological 
responses can be better described than such effects in Cyanobacterial growth. We did 
show that secondary metabolites production in response to nutrient enrichment, likewise 
Cyanobacterial growth, is mainly observed in temperate regions and experiments. More 
importantly, our results may suggest practical actions for how nutrients may be 
controlled in aquatic ecosystems: effect sizes are positive considering enrichment of 
NH4, NO3 and PO4, but negative considering TN and TP. Also, heterocyted and 
homocyted cyanobacterium were those that had highest production of toxins in response 
to nutrient enrichment, suggesting caution particularly to those groups. A combination 
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of approaches, as ecological and molecular research, field and experimental data, may 
be pivotal to understand the underlying regulatory mechanisms and the timing of 
cyanotoxins production, as well as the purpose for it. 
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1. Analyzing the beta diversity components and spatial patterns of species distribution 
may provide key insights into how local communities respond to human-induced 
environmental changes. In this case, considering the temporal variation in species 
composition and distribution along environmental gradients is of paramount 
importance. 
2. We used a long-term phytoplankton dataset belonging to 17 reservoirs in Brazil to 
analyze the temporal variability of beta diversity and its turnover and nestedness 
components. This dataset was also used to determine metacommunity structures across 
these subtropical reservoirs. We tested the hypothesis of a long-term temporal trend in 
beta diversity by testing for biotic homogenization/differentiation. We also tested how 
temporal variation was related to climatic conditions, environmental heterogeneity, 
productivity, and Cyanobacterial dominance. Lastly, we verified whether the 
phytoplankton metacommunity showed non-random structure. 
3. We did not find supporting evidence for biotic homogenization among the reservoirs. 
Rather, we did find that nestedness decreased during the study. Environmental 
heterogeneity was the main variable positively related to phytoplankton beta diversity, 
while high ammonium concentration and Cyanobacterial abundance were negatively 
correlated with spatial variation among the reservoirs. Despite the noticeable temporal 
variation in metacommunity structures, the phytoplankton species responded similarly 
to latent environmental gradients. Clementsian patterns found mainly in fall and winter 
were consistent with differences in species composition between sites, reinforcing the 
role of environmental filtering in driving changes in these metacommunities.  
4. Our results suggest that eutrophication control is pivotal in preventing biotic 
homogenization, at least in our study system. We also highlighted that metacommunity 




Communities vary over space and time, and investigating the causes of variation in 
species composition (i.e., beta diversity) has become a pivotal goal in community 
ecology from theoretical and practical viewpoints (Socolar et al., 2016). Phytoplankton 
show extreme sensitivity to changes in the biotic (e.g. grazing pressure), physical (e.g. 
temperature, depth) and chemical (e.g. nutrient concentrations) structure of aquatic 
environments (Reynolds, 1980; 1998). Therefore, they are an appropriate model group 
to detect community responses to environmental changes. Reservoirs also undergo 
environmental changes due to land use shifts, catchment hydrology, climatic change, 
and species invasions (e.g. Angeler & Johnson, 2012; Daga et al., 2015) and are also an 
appropriate model system to analyze environmental variations over time. For example, 
damming and eutrophication usually increase Cyanobacterial dominance (Smith, 2003; 
Burford & O’Donohue, 2006), which may decrease the biodiversity of aquatic 
ecosystems. 
Variation in species composition can be estimated by a number of beta diversity 
measures (Anderson et al., 2011). Two components contribute to beta diversity: 
nestedness (some communities are subsets of richer communities) and turnover (species 
composition differs between local communities; Baselga, 2010). Analyzing these 
components may provide insights into the organization of metacommunities (Heino, 
2011) and how local communities respond to human-induced environmental changes, 
including biotic homogenization (Olden et al., 2004; Passy & Blanchet, 2007; Donohue 
et al., 2009). For instance, a temporal increase in turnover may indicate increasing local 
community differentiation as a result of different successional trajectories (Angeler, 
2013). Also, temporal patterns in beta diversity components may be associated with 
conservation strategies (Angeler, 2013): an increase in turnover indicates that numerous 
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sites should be protected to maintain gamma diversity, whereas an increase in 
nestedness may reveal a few key sites for protection. Nevertheless, while several studies 
have distinguished nestedness from turnover in studies of spatial beta diversity (e.g. 
Hortal et al., 2011; Leprieur et al., 2011; Svenning, Fløjgaard & Baselga, 2011), the 
temporal dynamics of these patterns have been evaluated less frequently (but see 
Angeler, 2013 and Soares et al., 2015).  
Among the factors that may cause species turnover, environmental heterogeneity 
is thought to play a major role (Veech & Crist, 2007). Species turnover is expected to be 
positively correlated with environmental heterogeneity, owing to the increased niche 
opportunities and possibilities to track variation in resources and conditions (Qian & 
Ricklefs, 2012; Stegen et al., 2013; Maloufi et al., 2016). Productivity is considered 
another major driver of beta diversity (Chase & Leibold, 2002; Chase & Ryberg, 2004; 
Chase, 2010), including for phytoplankton (Ptacnik et al., 2010), but the conclusions 
regarding its role are contradictory. Some authors suggest that species-sorting 
mechanisms prevail in environments with limited resources because high productivity 
should strengthen the role of stochasticity in assembling local communities (Chase, 
2010; Bini et al., 2014; Soares et al., 2015). On the other hand, Langenheder et al. 
(2012) suggest that species-sorting mechanisms are more common during highly 
productive periods. For phytoplankton, it seems that highly productive environments 
(i.e. eutrophicated waters) are related to high Cyanobacterial dominance (Codd, 2000; 
O’Neil et al., 2012) that may consequently decrease the local and regional diversity of 
aquatic biota. 
The elements of metacommunity structure (EMS) approach (Leibold & 
Mikkelson, 2002; Presley et al., 2009; Presley, Higgins & Willig, 2010) provides a 
means to identify multiple spatial patterns of species distribution in metacommunities 
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and test whether spatial distribution is significantly different from random distribution 
(Leibold & Mikkelson, 2002; Presley, Higgins & Willig, 2010). EMS may also provide 
insights into species distribution among sites and changes in metacommunity structure 
over time. The following patterns can be defined using the EMS approach: Clementsian, 
Gleasonian, evenly spaced, checkerboard, nested distributions, their quasi-structures, 
and random distribution. Clementsian distributions reflect similar responses by species 
groups to a latent environmental gradient and, consequently, arrange sets of species into 
characteristic community types (Clements, 1916). Gleasonian distributions suggest 
individualistic responses to a latent environment that yield a continuum of gradually 
changing composition without any clear clumping (Gleason, 1926). Evenly spaced 
gradients may appear with intense interspecific competition and maximal differences in 
environmental tolerances among species (Presley, Higgins & Willig, 2010). Contrarily, 
a checkerboard pattern may emerge from intense competition that lead pairs of species 
to mutual exclusion (Diamond, 1975). Nested distributions hypothetically arise from 
extinction-colonization dynamics or changes in environmental heterogeneity. Each of 
the structures described above has their related quasi-structures, which show the same 
attributes but non-significant turnover owing to weaker structuring forces (Presley, 
Higgins & Willig, 2010). Lastly, if there are no clear species responses as a group to the 
same environmental gradient, their distributions are not coherent, indicating a random 
distribution (Leibold & Mikkelson, 2002).  
Here, we investigated the seasonal variation, over eight years, in the regional 
turnover and nestedness components of phytoplankton beta diversity across 17 
reservoirs located in southern Brazil. We also analyzed the EMS for each of the 32 
sampling periods. The aim of this study was to analyze the temporal variability of 
phytoplankton spatial beta diversity components and characterize phytoplankton species 
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distributions across the landscape by determining the best-fitting metacommunity 
structures. First, we tested the hypothesis of a temporal trend (from 2005 to 2013) in 
beta diversity. A positive trend would be consistent with the hypothesis of biotic 
differentiation (Olden & Poff, 2003), whereas a negative trend would suggest a scenario 
of biotic homogenization (McKinney & Lockwood, 1999; Olden & Rooney, 2006). 
Second, we tested how temporal variations were related to climatic conditions, 
environmental heterogeneity, productivity, and Cyanobacterial dominance. We expected 
positive relationships between environmental heterogeneity and species turnover and 
between Cyanobacterial dominance and nestedness. Third, we evaluated the 
phytoplankton EMS for each sampling period. In this case, we predicted that 
Clementsian patterns would be a frequent metacommunity structure if environmental 
heterogeneity proved to be a significant determinant of turnover. In turn, the 
phytoplankton metacommunity would exhibit a predominance of nested pattern or 




This study was conducted using a dataset obtained from 17 reservoirs (Fig. 1) located in 
different drainage basins distributed throughout the state of Paraná in southern Brazil. 
These reservoirs are used to supply water and generate hydroelectricity (see Table S1 in 
the supplementary material for information about the limnological characteristics of the 
reservoirs in different seasons). They vary in degree of anthropogenic impact (Barbosa, 
2005), often resulting in persistent toxic Cyanobacterial blooms (IAP, 2009; Fernandes 
et al., 2014b). Data were provided by the program “Monitoring of water quality in the 
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reservoirs of the State of Paraná” coordinated by “COPEL” (Energy Company of the 
State of Paraná, Brazil).  
 
 
Fig. 1 Geographic locations of the reservoirs in the State of Paraná. Main rivers of each 
drainage basin are also shown. AP = Apucaraninha (n = 32 months of sampling), CP = 
Capivari (n = 32), CV = Cavernoso (n = 33), CXI = Caxias I (n = 34), CXII = Caxias II 
(n = 34), CH = Chopim (n = 32), GU = Guaricana (n = 34), JO = Jordão (n = 33), ME = 
Melissa (n = 31), MO = Mourão (n = 33), PI = Pitangui (n = 33), RP = Rio dos Patos (n 
= 33), SV = Salto do Vaú (n = 33), SJ = São Jorge (n = 33), SEI = Segredo I (n = 33), 
SEII = Segredo II (n = 33), VO = Vossoroca (n = 34). 
 
Samples of both the phytoplankton abundance (cells mL-1) and abiotic variables 
were taken simultaneously in each season between 2005 and 2013. Summer samples 
were taken in January, fall samples in April, winter samples in July, and spring samples 
in October. We used data from subsurface samples of each reservoir’s lacustrine zone 
(i.e. near the dam). Phytoplankton samples were stored in amber flasks and fixed with 
acetic Lugol’s solution. Phytoplankton taxa were identified to the species level, and the 
density (cells mL-1) was measured according to the Utermöhl (1958) technique by 
counting random fields using an inverted Olympus IX70 (600x) microscope. The 
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limnological variables used in this study were as follows: transparency (m, using Secchi 
disk depth), water temperature (°C), dissolved oxygen (DO, mg L-1), pH, conductivity 
(S m-1), total phosphorus (TP, mg L-1), total nitrogen (TN, mg L-1), nitrate (NO3-, mg L-
1), nitrite (NO2-, mg L-1), ammonium (NH4+, mg L-1), chlorophyll-a (Chl-a, µg L-1), and 
biochemical oxygen demand (BOD, mg L-1). All of the limnological variables were 
analyzed following APHA (2005).  
 
Statistical Analysis 
We used Baselga's (2010, 2012) approach to additively partition the overall beta 
diversity in each sampling period and assess their temporal patterns. Thus, Sørensen 
dissimilarity (βSOR) was partitioned into two components: spatial turnover in species 
composition, measured by the Simpson multiple-site dissimilarity index (βSIM), and 
variation in species composition due to nestedness-resultant multiple-site dissimilarity 
(βNES).  
To model the temporal variation in the beta diversity components, we used 
Generalized Least Squares models (GLS; Pinheiro & Bates, 2000) and assumed a first-
order autocorrelation structure in the residuals (Zuur et al., 2009). The response 
variables were total Sørensen dissimilarities (βSOR) and their turnover (βSIM) and 
nestedness components (βNES) modeled as a function of time (temporal order of the 
samplings, from 1 to 32), Cyanobacterial abundance, environmental heterogeneity, a 
variable representing productivity, and a variable representing seasonal variation. 
Cyanobacterial abundance refers to the mean density (cells mL-1) of all the 
Cyanobacterial taxa occurring in each period. To obtain environmental heterogeneity 
(i.e. among-reservoirs environmental heterogeneity for each sampling month), we used 
an analysis of homogeneity of multivariate dispersions applied to the abiotic matrix 
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(PERMDISP; Anderson, Ellingsen & McArdle, 2006). This analysis resulted in a 
measure of multivariate dispersion (variance) of a group of samples calculated by the 
average distance of group members (i.e. reservoirs) to the group centroid (as defined by 
sampling campaigns) in a multivariate space. The following variables were used to 
calculate the measure of environmental heterogeneity: water temperature (°C), Chl-a  
(µg L-1), Secchi disk transparency (m), ammonium (mg L-1), nitrate (mg L-1), nitrite (mg 
L-1), total nitrogen (mg L-1), total phosphorus (mg L-1), dissolved oxygen (mg L-1), pH, 
and biochemical oxygen demand (mg L-1). All of the variables were previously 
standardized. We used several proxies to represent productivity in separate models: the 
mean values of Chl-a, Secchi disk transparency, total phosphorus, total nitrogen, 
dissolved inorganic nitrogen, ammonium, nitrate, and TN:TP ratio. Different nitrogen 
forms were included as a proxy for productivity because recent observational and 
experimental studies have shown that phytoplankton primary productivity may be 
limited by nitrogen and phosphorus concentrations or by the presence of both nutrients 
simultaneously (Rangel et al., 2012). The mean values of the following variables were 
used to represent seasonal variation: water temperature (°C), insolation (kWh m-2), and 
precipitation (mm). The last two variables were obtained from INMET (National 
Institute of Meteorology) in BDMEP (Database of Meteorological Data for Education 
and Research, <http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep>) from a 
meteorological station located in the center of the Paraná State (-25°46’ W, -50°63’ S). 
Similar to the productivity variables, each seasonal variable was used in a separate 
model. We used Akaike’s Information Criterion (AIC) to compare and select the best 
approximating model for the data. Models with delta AIC < 5.0 were used for inference 
(following Burnham & Anderson, 2002) because models with delta AIC values larger 
than this threshold represented strong evidence against these models. We used 
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alternative proxies of productivity and seasonality in different models to avoid “data 
dredging”, a model building strategy suitable to reduce overfitted models and possible 
spurious effects (Burnham & Anderson, 2002). 
We also used the elements of metacommunity structure (EMS) analysis to 
determine the phytoplankton metacommunity structures in each sampling period from 
2005 to 2013 (Leibold & Mikkelson, 2002; Presley, Higgins & Willig, 2010). Prior to 
the analysis, site-by-species abundance matrices were transformed to presence-absence 
matrices. These incidence matrices were subsequently submitted to a correspondence 
analysis (CA), which positioned the sites according to their similarity of species 
composition and based on the similarity of the range of species along the ordination 
axis. The EMS interpretation is based on coherence, turnover, and boundary clumping 
metrics that were compared to a fixed-proportional (R1) null model (Presley, Higgins & 
Willig, 2010). The model was run 1000 times for each period to obtain significance 
values (α = 0.05). Coherence was interpreted by the number of embedded absences: 
non-significant coherence specifies a randomly structured metacommunity (Simberloff, 
1983), significantly more observed embedded absences than the null distribution points 
to a checkerboard distribution (Diamond, 1975), and significantly less embedded 
absences than the null distribution indicates that the species distribution is driven by the 
same latent environmental gradient. In the latter case, the distribution pattern must be 
defined by analyzing the range turnover and boundary clumping. Turnover was 
calculated using the number of replacements and compared to the null distribution. 
Non-significant range turnover indicates quasi-structures (e.g. quasi-Gleasonian, quasi-
Clementsian, quasi-nested, and quasi-evenly-spaced; Presley, Higgins & Willig, 2010). 
Negative turnover suggests a nested structure (Patterson & Atmar, 1986). In turn, 
positive turnover must be analyzed by range boundary clumping. Boundary clumping 
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was tested using the Morisita’s Index with an expected value of one. A non-significant 
index means that the range boundaries are randomly distributed, pointing to a 
Gleasonian distribution (Gleason, 1926). Values significantly higher than one reveal 
clumped species range boundaries, indicating a Clementsian gradient (Clements, 1916). 
On the other hand, values significantly lower than 1 point to evenly-spaced distributions 
(Tilman, 1982). 
All of the analyses were performed by R software 3.1.3 (R Core Team, 2015) 
using the packages BiodiversityR (Kindt & Coe, 2005), vegan (Oksanen et al., 2015), 





Our dataset contained 657 algal species. The Caxias Reservoir had the lowest number of 
species (129 species registered during the entire study period), while the São Jorge 
Reservoir had the highest number of species (265 species). We found an overall 
increasing trend in total species richness over the years (see Figure S1 in Supporting 
Information). We also found lower species richness in winters (average of 118 species) 
and springs (average of 117 species) and higher in summers (average of 145 species; see 
Figure S2). Chlorophyceae was the family with the highest number of species (251 
species registered). The dominant Chlorophyceae species were Eutetramorus fottii, 
Closteriopsis sp., Monoraphidium contortum, and M. minutum. Bacillariophyceae was 
another group with high species richness (106 species during the study period). The 
dominant diatoms species were Asterionella formosa, three Aulacoseira species (A. 
alpigena, A. ambigua, A. granulata) and Discostella stelligera. Cyanophyceae were 
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dominant based on numbers (densities usually above 40% of the total phytoplankton 
density) in all of the reservoirs even though they represented a lower number of species 
(83 species). The most common Cyanobacteria were Aphanocapsa delicatissima, 
Cylindrospermopsis raciborskii, Dolichospermum circinalis, D. planctonicum, D. 
spiroides, and Microcystis aeruginosa. Other groups were less diverse (up to 56 
species).  
 
Temporal variation of beta diversity predictors 
The variables used as predictors of beta diversity varied largely from 2005 to 2013. 
Although Cyanobacterial densities reached means around 65000 cells mL-1 in summer 
2007, there was a clear decrease over the period of study highlighted by significant 
Spearman correlation (Fig. 2A). Environmental heterogeneity also decreased from 2005 
to 2013 (Fig. 2B). Secchi disk transparency varied between 1 and 2 m (Fig. 3A) and 
mean Chl-a concentration varied from 2.7 to 14.9 µg L-1 over the period of study (Fig. 
3B). Mean total phosphorus concentrations varied from 0.02 to 0.06 mg L-1 (Fig. 3C); 
mean total nitrogen concentrations reached 2.4 mg L-1 (Fig. 3D), mean nitrate 
concentrations reached 0.62 mg L-1 (Fig. 3E) and mean ammonium concentrations 
reached 0.30 mg L-1 (Fig. 3F). Total insolation presented minimum values around 90 
(spring 2009 and winter 2012) and maximum of 228 kWh m-2 (summer 2009) (Fig. 4A); 
total precipitation varied from 15 (winter 2007) to 369 mm (spring 2009) (Fig. 4B); and 






Fig. 2 (A) Mean density of Cyanobacteria (cells mL-1; ±SE); (B) Environmental 





Fig. 3 Temporal series (2005 - 2013) of the productivity proxies: (A) Secchi disk 
transparency (m), (B) chlorophyll-a (µg L-1), (C) total phosphorus (mg L-1), (D) total 
nitrogen (mg L-1), (E) nitrate (mg L-1), (F) ammonium (mg L-1). Data are presented as 





Fig. 4 Temporal series (2005 - 2013) of the seasonality proxies: (A) total insolation 





Beta diversity components 
Phytoplankton beta diversity (βSOR) ranged from 0.880 to 0.915 (Fig. 5). Community 
compositional variation was almost entirely due to species turnover (0.856 ± 0.018 SE) 
rather than nestedness (0.046 ± 0.013 SE; Fig. 5). Even so, both components had 
substantial between-period fluctuation (Fig. 5).  
 
 
Fig. 5 Phytoplankton beta diversity (βSØR) and their turnover (βSIM) and nestedness 
(βNES) components values in Paraná State reservoirs from 2005 to 2013. 
 
GLS models 
According to the best AIC model (Table S2), overall phytoplankton beta diversity was 
negatively related to ammonium concentration and insolation (Table 1). The second best 
model indicated that overall phytoplankton beta diversity was positively correlated with 
precipitation and negatively correlated with Cyanobacterial abundance and ammonium 
concentration (Table 1). Other models showed weak results and indicated that overall 
phytoplankton beta diversity was positively related to nitrate concentration (P = 0.058; 
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Table S2). According to the delta AIC values, the empirical support for the other 
models of overall phytoplankton beta diversity was substantially lower compared to the 
aforementioned models (Table S2). 
Turnover was negatively related to Cyanobacterial abundance and ammonium 
concentration, in addition to being positively correlated with environmental 
heterogeneity. The next two best models (with delta AIC < 5; see Table S2) provided 
similar results, with significant coefficients associated to environmental heterogeneity 
and ammonium concentration (Table 1). 
According to the best model (Table 1 and Table S2), nestedness was positively 
related to ammonium concentration and negatively related to environmental 
heterogeneity and time. The second and third best models were similar to the first, but 
the coefficient associated with time was not significant (Table 1). Other models had 
substantially higher AIC (Table S2). 
 
Table 1. Generalized least squares regression coefficients, standard errors (SE), t and P-
values of models predicting beta diversity components (Sørensen, turnover, and 
nestedness) of the phytoplankton metacommunity in the Paraná State reservoirs. 
Abbreviations: t = time; EH = environmental heterogeneity; cyano = Cyanobacterial 
abundance; ins = insolation; NH4 = ammonium; wtemp = water temperature; NO3 = 





Predictors variables Coefficient SE t P 
Sorensen 1 
 
(Intercept) 0.8995 0.0044 205.93 0.000 
   
t 0.0001 0.0002 0.65 0.522 
   
EH 0.0028 0.0014 1.96 0.060 
   
cyano -0.0017 0.0013 -1.32 0.198 
   
ins -0.0036 0.0011 -3.25 0.003 
   




(Intercept) 0.9002 0.0038 235.59 0.000 
   
t 0.0001 0.0002 0.49 0.626 
   
EH 0.0018 0.0015 1.16 0.255 
   
cyano -0.0028 0.0013 -2.16 0.040 
   
prec 0.0026 0.0010 2.50 0.019 
   
NH4 -0.0040 0.0015 -2.58 0.016 
   
(Intercept) 0.8988 0.0033 273.96 0.000 
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 3  t 0.0002 0.0002 1.09 0.287 
   EH -0.0013 0.0017 -0.78 0.441 
   cyano -0.0007 0.0017 -0.39 0.703 
   ins -0.0020 0.0013 -1.60 0.122 
   NO3 0.0031 0.0015 1.98 0.058 
 4  (Intercept) 0.8995 0.0030 296.81 0.000 
   t 0.0001 0.0002 0.88 0.385 
   EH -0.0018 0.0017 -1.10 0.280 
   cyano -0.0013 0.0017 -0.80 0.429 
   prec 0.0015 0.0012 1.21 0.236 
   NO3 0.0030 0.0015 1.95 0.062 
        
Turnover 1 
 
(Intercept) 0.8481 0.0069 123.46 0.000 
   
t 0.0005 0.0004 1.26 0.218 
   
EH 0.0088 0.0035 2.53 0.018 
   
cyano -0.0067 0.0030 -2.24 0.034 
   
prec 0.0042 0.0024 1.72 0.097 
   




(Intercept) 0.8467 0.0065 129.73 0.000 
   
t 0.0006 0.0004 1.56 0.131 
   
EH 0.0099 0.0035 2.81 0.009 
   
cyano -0.0055 0.0032 -1.71 0.098 
   
ins -0.0041 0.0027 -1.51 0.143 
   
NH4 -0.0114 0.0034 -3.40 0.002 
 3  (Intercept) 0.8449 0.0063 133.94 0.000 
   t 0.0007 0.0003 1.91 0.068 
   EH 0.0096 0.0036 2.67 0.013 
   cyano -0.0052 0.0034 -1.52 0.142 
   wtemp -0.0033 0.0029 -1.16 0.258 
   NH4 -0.0108 0.0033 -3.28 0.003 
        
Nestedness 1 
 
(Intercept) 0.0551 0.0042 13.19 0.000 
   
t -0.0005 0.0002 -2.31 0.029 
   
EH -0.0082 0.0028 -2.94 0.007 
   
cyano 0.0022 0.0026 0.84 0.410 
   
wtemp 0.0021 0.0022 0.97 0.339 
   
NH4 0.0091 0.0024 3.76 0.001 
 2  (Intercept) 0.0538 0.0043 12.62 0.000 
   t -0.0005 0.0002 -1.97 0.060 
   EH -0.0081 0.0028 -2.86 0.008 
   cyano 0.0030 0.0026 1.16 0.258 
   ins 0.0012 0.0021 0.58 0.566 
   NH4 0.0089 0.0025 3.54 0.002 
 3  (Intercept) 0.0535 0.0044 12.20 0.000 
   t -0.0004 0.0002 -1.83 0.078 
   EH -0.0078 0.0029 -2.73 0.011 
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   cyano 0.0034 0.0025 1.40 0.175 
   prec -0.0008 0.0020 -0.41 0.683 
   NH4 0.0087 0.0025 3.43 0.002 
 
Elements of metacommunity structure 
We found strong positive coherence along the first CA axis in all periods (Table S3). In 
most periods, we also found non-significant positive turnover, indicating quasi-
structures. Also, the metacommunities mostly showed significant positive boundary 
clumping, consistent with quasi-Clementsian or Clementsian structures.  
The EMS analysis revealed considerable variation in the phytoplankton 
metacommunity structures from 2005 to 2013 (Table S3). Seven patterns were detected 
across the 32 study periods: eight periods were consistent with quasi-nested 
distributions, seven with quasi-Clementsian gradients, five each with Gleasonian and 
Clementsian gradients, four with quasi-Gleasonian gradients, two random distributions, 
and one showed a nested pattern (Table S3). Quasi-nested gradients were more common 
in summer and spring, and Clementsian and Gleasonian gradients were more common 
in fall and winter (Fig. 6). Higher environmental variation was usually associated with 
Clementsian and Gleasonian gradients, whereas random patterns were mostly observed 





Fig. 6 Metacommunity structures detected by the EMS analysis from 2005 to 2013 in 
the Paraná reservoirs. The results for all periods (n = 32) and by each season (summer, 





Fig. 7 Mean environmental heterogeneity (PERMDISP) related to each phytoplankton 




Temporal patterns of beta diversity 
Damming and eutrophication in reservoirs have been causing massive Cyanobacterial 
blooms worldwide (Codd, 2000; Smith, 2003; Burford & O’Donohue, 2006) and may 
result in biotic homogenization in aquatic ecosystems. Also, there is evidence that biotic 
homogenization of phytoplankton communities can be associated with fish 
introductions (Reissig et al., 2006). The effects of biological invasion on fish diversity 
have already been reported in our study region (Daga et al., 2015). However, according 
to our analyses, phytoplankton beta diversity does not follow this trend. Instead of 
finding evidence of biotic homogenization (i.e. a decrease in beta diversity over time), 
we found a negative trend in nestedness. We speculate that this decrease is the result of 
management efforts that are slowing down the eutrophication processes and 
Cyanobacterial growth rates in the reservoirs. These efforts include developing research 
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projects on Cyanobacteria control, implementing awareness programs for preventing 
eutrophication, restoring riparian forests, removing aquatic macrophytes and 
phytoplankton biomass, and reducing water residence time. Indeed, these efforts appear 
to be working since some eutrophication indicators (e.g. trophic state index and BOD) 
and total Cyanobacterial density have decreased in most reservoirs since 2007 (see 
Figure 2A).  
Despite the evidence of environmental improvement (i.e. lack of evidence of 
biotic homogenization; no upward trends in total Cyanobacterial density and nutrient 
concentrations – see Figures 2A and 3C-F, respectively), our results do not indicate that 
the management efforts implemented so far are sufficient. First, the current water 
quality of reservoirs in Paraná State does not comply with environmental legislation, 
and constant Cyanobacterial blooms are still observed in many reservoirs (IAP, 2009). 
However, as information about toxins in many blooms is unavailable, it is not possible 
to define which species are toxic and non-toxic. Information on toxins would be very 
informative for practical actions; however, the lack of information exists because local 
legislation does not require constant monitoring of cyanotoxins in reservoirs that are not 
used to supply water. Second, our interpretation may be biased by the shifting baseline 
syndrome (Pauly, 1995), which can be adapted to water quality management (see also 
Dornelas et al., 2014; Magurran et al., 2015): most likely, water quality was better 
before the beginning of the monitoring program. Thus, the targeted water quality should 
be that observed in previous periods (although further studies involving other 
approaches, e.g., environmental reconstruction using diatoms, would be required to find 
this target). Third, the water quality of reservoirs used to supply water is affected by 
factors other than Cyanobacteria. Nonetheless, we found that reservoirs in Paraná State 
are not undergoing biotic homogenization, at least over the time span studied. Although 
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biotic homogenization was reported for communities with very different ecological 
requirements (e.g. fish, see Daga et al., 2015), we cannot rule out the possibility that a 
biotic homogenization effect in phytoplankton could have happened in the first years of 
the dams' operation. Indeed, this phenomenon is dependent on reservoir age (Daga et 
al., 2015) and the youngest reservoir studied here was constructed 17 years ago. Also, 
the intense fish introductions in several reservoirs studied here may also affect 
phytoplankton communities (as found by Reissig et al., 2006; Volta et al., 2013), 
highlighting that Cyanobacterial abundance is not the only indicator of impacts made by 
reservoir damming. 
 
Variation of phytoplankton communities in the face of environmental changes 
Previous studies testing the relationship between beta diversity and environmental 
heterogeneity have found mixed results, including negative, positive, and hump-shaped 
relationships (e.g. Bini et al., 2014; Heino, Melo & Bini, 2015; and references therein). 
We found that turnover values were positively associated with environmental 
heterogeneity. This association means that periods with higher environmental 
heterogeneity resulted in more variation in species composition among the reservoirs. 
Heterogeneous environmental conditions may offer more niche opportunities so that 
more species from regional species pools can find suitable environmental conditions, 
thus increasing beta diversity (Leibold et al., 2004; Heino, Melo & Bini, 2015). In turn, 
periods with lower environmental heterogeneity among the reservoirs were associated 
with increased nestedness. Under similar environmental conditions, compositional 
differences would mainly be associated with differences in species richness as a result 
of habitat quality (Hylander et al., 2005). Even so, our results have also shown that 
environmental heterogeneity was a significant predictor of beta diversity components, 
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highlighting the role of environmental filtering in structuring phytoplankton 
communities in reservoirs. 
Productivity also is a potentially important predictor of beta diversity (Van der 
Gucht et al., 2007). However, differing results have been obtained, which may be 
related to the use of different productivity proxies. Among the proxies of productivity 
used here, ammonium concentration was the best correlate, always negatively correlated 
with phytoplankton’s overall beta diversity and turnover, which is in line with some 
studies of aquatic ecosystems (Donohue et al., 2009; Vilar et al., 2014). However, other 
authors have found positive (e.g., Chase, 2010; Langenheder et al., 2012; Bini et al., 
2014) and hump-shaped (Bonn, Storch & Gaston, 2004) beta diversity-productivity 
relationships. A negative relationship using ammonium concentration, as observed here, 
probably indicates that increased productivity is due to eutrophication. On the other 
hand, different nutrients were used as productivity proxies in studies that found positive 
and hump-shaped relationships (see Bini et al., 2014). In only one model was nitrate 
positively related to beta diversity. Our results suggest, therefore, that eutrophication 
control is key to avoiding biotic homogenization in aquatic environments (e.g. Donohue 
et al., 2009; Keith et al., 2009).  
In the subtropical region, there is a moderate decline of insolation (900 W m-2, 
comparatively lower than 1300 W m-2, the maximum daily solar radiation during 
summer; Wojciechowski, Fernandes & Fonseca, 2016) coupled with shorter days in fall 
and winter. We found that higher values of beta diversity were related to lower 
insolation. Moreover, during the winter, there was a reduction in Cyanobacterial density 
and dominance in the reservoirs (Figures S2 and S3), which coincided with higher beta 
diversity. The decrease in Cyanobacterial dominance likely opens windows of 
opportunity for rare species of other phytoplankton groups (e.g., flagellated species or 
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diatoms) to grow. Indeed, despite the lower gamma diversity in winter (118 species on 
average, Figure S2), the reservoirs showed greater algal compositional diversity. During 
other periods, other algal groups are less favored and possibly outcompeted by 
Cyanobacteria. 
 
Elements of metacommunity structure 
Our study shows that metacommunity structure can vary temporally (see also Erős et 
al., 2014; Fernandes et al., 2014a). Thus, the conspicuous variation in metacommunity 
patterns that we found implies that the patterns detected in snapshot surveys should not 
be extrapolated to longer time periods. We believe that this warning applies to most 
organismal groups in aquatic systems. Different mechanisms can explain why a 
metacommunity can change from one type to another. For instance, the strength of 
environmental determinism, biological interactions, and stochasticity in dispersal may 
depend on several factors that vary over time (Heino, Melo & Bini, 2015). Therefore, it 
is expected that an analysis classifying metacommunity organization in types (such as 
EMS) may present different classifications in different periods.  
The EMS analysis also showed multiple non-random patterns, as have been 
found for different metacommunities (Presley et al., 2009; Presley & Willig, 2010; 
Heino et al., 2015a,b). Positive coherence along the first CA axis in all periods indicates 
strong latent gradients for the phytoplankton community. We also detected seasonal 
variation in species distribution patterns, which coincides with other studies (Erős et al., 
2014; Fernandes et al., 2014a). Quasi-nested structures imply significant positive 
coherence and non-significant turnover (Presley, Higgins & Willig, 2010). Nested 
structures, particularly those observed in summer and spring, are typically observed in 
scenarios with a high frequency of widely distributed species. Indeed, some species 
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were ubiquitously distributed in reservoirs, including Cryptomonas brasiliensis, 
Rhodomonas lacustris, and M. minutum (Table S4). We also found significant positive 
boundary clumping, indicating clumped species loss in summer and spring. The 
clumped species loss pattern suggests that species have common tolerances to the latent 
environmental gradient described by the correspondence analysis (Presley, Higgins & 
Willig, 2010).  
Turnover in the EMS was higher in the fall and winter seasons, with a 
predominance of Clementsian and Gleasonian gradients in the phytoplankton 
metacommunities. These patterns require coherent species distribution and positive 
turnover. They are distinguished only by positive clumping boundaries in Clementsian 
structures and non-significant ones in Gleasonian structures (Presley, Higgins & Willig, 
2010). Such patterns typically arise from species response to environmental gradients 
(Leibold & Mikkelson, 2002). While a Clementsian structure describes a 
metacommunity with coincident range boundaries due to the shared evolutionary 
history and inter-dependency of ecological relationships of species, in a Gleasonian 
structure, species coexist due to casual similarities in requirements or tolerances. The 
response of species to the environmental gradient suggests a strengthened role for niche-
based processes determining metacommunity structures during the fall and winter 
seasons. Indeed, the predominance of such patterns coincided with periods of high 
environmental heterogeneity (note that random patterns are observed in periods with 






Integrating the findings of beta diversity and elements of metacommunity structure 
analyses 
As a general conclusion, both the beta diversity and EMS approaches indicate that high 
temporal variation and niche-based processes shape phytoplankton metacommunities. 
These elements may provide complementary views of biodiversity patterns. For 
example, partitioning beta diversity into turnover and nestedness components in this 
study provided more detailed insight into the long-term dynamics of phytoplankton beta 
diversity. The relative importance of turnover and nestedness has so far been assessed 
mainly in purely spatial contexts (Hortal et al., 2011; Leprieur et al., 2011; Svenning, 
Fløjgaard & Baselga, 2011). The scales considered in this study were relevant to 
investigate unexplored patterns of biodiversity changes over time and space in 
subtropical reservoirs. 
On the other hand, the EMS approach (Leibold & Mikkelson, 2002) provided a 
framework to understand metacommunity structuring. Particularly in the case of 
phytoplankton, metacommunities are dynamic, changing in richness and composition 
even over very short timescales (Melo & Huszar, 2000; Melo et al., 2004). This 
variability emphasizes that snapshot samples may not, therefore, adequately capture the 
importance of processes or factors underlying the variation in phytoplankton 
metacommunities, albeit most previous studies inferring temporal variations did not 
evaluate long-term trends (Keith et al., 2011; Fernandes et al., 2014a; Erős et al., 2014; 
but see Bloch, Higgins & Willig, 2007). 
In addition to inferring metacommunity structures, the EMS analysis also 
suggested changes in the degree of beta diversity (cf. negative turnover attributable to a 
nestedness component or positive attributable to a turnover component of beta diversity) 
over time. Our results demonstrated coherent distributions of phytoplankton species in 
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the region, indicating that species responded similarly to latent environmental gradients. 
High positive turnover and resulting Clementsian patterns found mainly in fall and 
winter are consistent with differences in species composition between sites and 
reinforce the role of environmental filtering in driving changes in these 
metacommunities. Indeed, given the positive association between environmental 
heterogeneity and beta diversity and the high frequency of Clementsian and Gleasonian 
patterns in periods of high environmental heterogeneity, our approaches also suggest 
that species-sorting mechanisms determine beta diversity and metacommunity structure 
in subtropical reservoirs. 
Finally, we indicate that the likely explanations for temporal changes in 
phytoplankton biodiversity patterns are the simultaneous effects of several predictors. 
We highlight the importance of reducing Cyanobacteria, controlling nutrient 
concentration, and promoting environmental heterogeneity to sustain phytoplankton 
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Abstract 
Recent studies have found that the relative importance of predictors of metacommunity 
structure is dependent on different factors. These factors include, for example, the 
spatial distribution of sampling sites and time of sampling. Also, low explanatory power 
of multivariate models is a frequent result. To increase this power, ecologists have 
suggested different strategies, including the use of functional approaches. Using a 
phytoplankton dataset from 17 reservoirs in Southern Brazil, sampled seasonally over 
eight years, we tested the hypothesis that the explanatory power of multivariate models 
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would be higher when the analyses were based on functional groups than when based 
on a taxonomic approach. We also modelled the temporal variation in the strength of 
species sorting (as given by the adjusted coefficient of determination derived from the 
environmental variables). We found a high temporal variability in the strength of 
species sorting, indicating that results from snapshot surveys should be interpreted 
cautiously. When compared to the taxonomic approach, we did not find an increase in 
the explanatory power of multivariate models when the analyses were based on a 
functional approach. The main correlates of the temporal variation in the strength of 
species sorting were insolation, water temperature, and environmental heterogeneity.  
 
Keywords: environmental filtering, earlier community occupation, Cyanobacteria, 




The metacommunity concept proposes a framework to understand the roles of niche and 
dispersal-based processes in generating different species compositions. Originally, four 
paradigms (Leibold et al., 2004) were proposed to emphasize different sets of 
metacommunity dynamics and provided a useful strategy for discussing 
metacommunity scenarios (Leibold et al., 2004). Patterns should fit within the broader 
framework of metacommunity theory (Leibold et al., 2004) as a continuous and 
multidimensional space defined according to species equivalence, dispersal abilities, 
and environmental heterogeneity (Logue et al., 2011). 
Any study seeking the causes of community variation may consider that the 
structure of local communities varies through time (Bengtsson et al., 1997), as well as 
the predictors of community variation (Bellier et al., 2014). Nonetheless, very few local 
communities are sampled over long time periods and are available to test temporal 
variation in the predictors of community variation. For instance, one can expect that 
correlation with environmental variables may be higher or lower depending on temporal 
fluctuations of key environmental factors. Thus, a comprehensive understanding of how 
metacommunities are organized should consider the temporal variation in correlates of 
community structure. In addition, one can also evaluate the role of earlier 
metacommunity data to explain current metacommunity structure (Castillo-Escrivà et 
al., 2017). This represents the potential effect of earlier occupation on current 
community composition of the set of local communities that composes the 
metacommunity. 
Predictability of community structure may also vary depending on the species 
traits. Small-sized aquatic organisms show efficient dispersal and they can thus reach 
most sites (Finlay & Fenchel, 2004). In this perspective, differences between local 
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microalgal communities, for example, may be explained by species responses to local 
environmental features (Martiny et al., 2006; see also Leibold et al., 2004 for the 
definition of species sorting mechanisms). Even so, previous studies have reported 
spatial structure in microalgal metacommunities; thus, in addition to the role of local 
environmental factors, spatial variables have also been found to be influential, 
suggesting some level of dispersal limitation (Soininen et al., 2007; Vanormelingen et 
al., 2008; Heino et al., 2010; Vyverman et al., 2007).  
Differences in the responses of different groups of algae to environmental 
conditions suggest that taxonomic classification of species may not be sufficient to 
disentangle community assembly processes. For instance, planktonic algae responses 
may be different from those of attached algae because they are probably more 
susceptible to hydrological variations, resulting in high (passive) dispersal rates (Wetzel 
et al., 2012) and possibly lower effects of earlier occupation. In this sense, analysis 
considering traits should also be used as a powerful and complementary approach to 
understand community assembly (McGill et al., 2006; Litchman et al., 2010). Several 
classifications of phytoplankton into functional groups have been proposed (e.g. Kruk et 
al., 2010; Padisák et al., 2009; Reynolds et al., 2002; Salmaso & Padisák, 2007), and 
such groupings can be used to understand community assembly processes. In short, 
functional groups are based on between-species similarity of relevant traits that respond 
similarly to community assembly.  
Phytoplankton is a group that is particularly appropriate for investigating 
determinants of metacommunity organization because they consist of a diverse group of 
species that typically respond in a predictable way to the environment (Reynolds, 1984; 
1989). Reservoirs also provide a good model system to study spatial patterns due their 
relative isolation in the landscape. We explored if such variation has a seasonal pattern 
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using data sampled over 32 time periods (i.e. spring, summer, autumn and winter 
seasons from 2005 to 2013). In this study, we used phytoplankton and environmental 
data from a set of 17 reservoirs in Southern Brazil, sampled seasonally over eight years. 
For each period, we quantified the relative contributions of local environmental factors, 
spatial variables and earlier community data to the structure of phytoplankton 
metacommunities and functional groups. Mechanisms related to both environmental and 
spatial predictors are now accepted as simultaneously important for community 
assembly (Soininen et al., 2007; Hájek et al., 2011; Chust et al., 2013; Gallego et al., 
2014), as well as the previous community structure (Castillo-Escrivà et al., 2017). We 
expected a high temporal variation in the relative contribution of these predictors (i.e. 
environmental, spatial, and earlier community) on both species composition and 
functional groups. 
We also tested for correlates of the strength of species sorting (SSS hereafter), 
estimated by the variation in community structure that is (uniquely) explained by 
environmental variables. We hypothesized that SSS would be higher in trait-based 
analyses than in analyses considering species composition. Some specific predictions 
for functional groups are described in the Methods section when each functional group 
is described. We anticipated that the SSS would be relatively stronger in periods with 
high environmental heterogeneity given that a wide environmental gradient may 
promote species sorting (Leibold et al., 2004; McCreadie & Bedwell, 2013). Also, we 
expected that SSS may be lower in periods with a high dominance of Cyanobacteria. In 
such periods, dominance of Cyanobacteria may decrease the community turnover that 
can be explained, as a consequence of the well-known negative effects of Cyanobacteria 
in other algae (Suikkanen et al., 2005). SSS may also be low during periods with high 
total species richness given the high amount of information in biological matrices to be 
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explained (see also Low-Décarie et al., 2014). Bini et al. (2014) found a negative 
correlation between SSS and nutrient concentrations. Also, Chase et al. (2010) showed 
that beta diversity was positively correlated with productivity due to a strong role of 
stochastic assembly processes. Based on these findings, we predicted a negative 
relationship between SSS and productivity. 
 
Material and Methods 
 
Study area and survey program 
We used a dataset obtained by a water quality monitoring program run by “COPEL” 
(The Energy Company of the State of Paraná, Brazil), consisting of phytoplankton 
densities and environmental variables sampled in 17 reservoirs (Fig. 1) during four 
austral seasons (spring, summer, fall and winter), from 2005 to 2013 (see also 
Wojciechowski et al., 2017). All the reservoirs are in the State of Paraná, Southern 
Brazil. Paraná State covers an area of 199,727 km² corresponding to 2.34% of the 
Brazilian territory. Although reservoirs vary in level of degradation and uses (including 
drinking water supply, recreation, and hydroelectricity generation), Cyanobacterial 





Figure 1. State of Paraná with the geographic location of the reservoirs. Samples were 
taken seasonally in each reservoir from 2005 to 2013. Main rivers of each drainage 
basin are also shown. AP = Apucaraninha (n = 32 samplings), CP = Capivari (n = 32), 
CV = Cavernoso (n = 33), CXI = Caxias I (n = 34), CXII = Caxias II (n = 34), CH = 
Chopim (n = 32), GU = Guaricana (n = 34), JO = Jordão (n = 33), ME = Melissa (n = 
31), MO = Mourão (n = 33), PI = Pitangui (n = 33), RP = Rio dos Patos (n = 33), SV = 
Salto do Vaú (n = 33), SJ = São Jorge (n = 33), SEI = Segredo I (n = 33), SEII = 
Segredo II (n = 33), VO = Vossoroca (n = 34). 
 
Subsurface samples (at ca. 15 cm water depth) for both phytoplankton density 
(cell.mL-1) and environmental variables were taken simultaneously from the lacustrine 
zone of each reservoir. Summer, fall, winter and spring samples were taken in January, 
April, July and October, respectively, totalizing 32 sampling periods (= 8 years x 4 
seasons). Phytoplankton samples were fixed with Lugol’s solution and stored in amber 
flasks. Phytoplankton taxa were identified to the species level, whenever possible. The 
estimation of the phytoplankton density was the same during the period of study. 
Cellular density (cells.mL-1) was estimated according to the Utermöhl (1958) 
sedimentation technique and by counting random fields under inverted microscope 
Olympus IX70 (600x).  All the species present in at least 20 fields were counted or 100 
cells of the most abundant species (Lund et al., 1958). The following environmental 
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variables were obtained according to APHA (2005): temperature (°C), dissolved oxygen 
(DO, mg L-1), pH, and conductivity (µS cm-1) were measured in situ; water samples 
were taken to the laboratory for analysis of total phosphorus (TP, mg L-1), total nitrogen 
(TN, mg L-1), ammonium (NH4+, mg L-1), nitrate (NO3-, mg L-1), and nitrite (NO2-, mg 
L-1) concentration. Water transparency (m) was obtained using a Secchi disk at the same 
sampling sites. These environmental variables varied widely over time (Table S2; see 
also Wojciechowski et al., 2017). 
 
Biological data 
Details of phytoplankton community in the reservoirs of Paraná were already described 
in Wojciechowski et al. (2017). The dataset included 606 phytoplankton taxa in all 
periods and reservoirs studied (see also Table S1 in Online Resource for the most 
common species recorded). Chlorophyceae was the predominant class in terms of 
number of taxa (273 taxa), followed by Bacillariophyceae (104 taxa), Cyanophyceae 
(82 taxa), Zygnemaphyceae (56) and Chrysophyceae (52). Other phytoplankton classes 
were represented by a lower number of taxa, ranging from 36 to 11 taxa. The most 
abundant algae were mainly Cyanobacteria, e.g. Cylindrospermopsis raciborskii, some 
species of the genera Aphanizomenon, Dolichospermum, and Microcystis. Most of the 
Cyanobacteria (67% of the species) were considered among the most abundant in at 
least one sampling period. Only 51 species were considered common (i.e. appearing in 
at least 10% of samples; Table S1 in Online Resource).  
The phytoplankton density (cell.mL-1) data were classified taxonomically (based 
on species identities) and functionally (using functional group classifications). For 
functional groups, we used a classification based exclusively on morphology, the 
“Morphologically Based Functional Groups” (MBFG) proposed by Kruk et al. (2010). 
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This decision was made based on the simplicity of the classification that divides 
phytoplankton species into seven groups. This classification is based on the following 
traits: volume (µm3), surface area (µm2), surface/volume ratio (µm-1), maximum linear 
dimension (µm), and presence/absence of mucilage, flagella, gas vesicles, heterocysts 
and siliceous structures (Kruk et al., 2010). The complete list of species composing each 
functional group is available in Table S1 (Online Resource 1). The seven groups are the 
following: (I) Small organisms (< 2 µm) with high surface/volume ratio, without 
siliceous structures (e.g. small species of Chlorococcales); (II) Flagellated organisms of 
small size with siliceous exoskeletons, such as species of the genus Chromulina; (III) 
Large filaments containing aerotopes, mainly represented by species of Nostocales in 
our study; (IV) Individuals of medium size lacking mucilage, flagella or exoskeletons 
(e.g. species of the genera Monoraphidium and Scenedesmus); (V) Unicellular 
individuals of medium to large size (> 2 µm), with flagella, such as species of 
Cryptophyceae and Dinophyceae; (VI) Non-flagellated organisms with siliceous 
exoskeletons (Bacillariophyceae); (VII) Large mucilaginous colonies, such as species of 
the genera Eutetramorus and Microcystis (Kruk et al., 2010). 
According to our goals, we generated the following response matrices: 
reservoirs (rows) × density of species (columns) for each period; reservoirs × density of 
the seven functional groups for each period; and reservoirs × density of species for each 
functional group for each period. Given that functional groups have different biological 
traits, we anticipate that correlates of SSS may differ among them, and some predictions 
can be specified. Similarly to what is expected considering the entire community, SSS of 
groups with more species may be less predicted than the SSS of groups with few 
species. Groups I and III were those with the lowest number of species; and groups IV, 
V and VI were those with the highest number of species. The groups I and II, composed 
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by small algae, may show high dispersal rates and therefore may be more explained by 
SSS than groups III-VII, composed by medium to large organisms. The SSS for group 
III, composed by Cyanobacteria, may be mainly correlated to productivity, given that 
species of this group respond quickly to an increase in productivity, usually resulting in 
summer blooms over multiple reservoirs. 
 
Data analysis  
Our main goal was to explain temporal variation in SSS, differently from 
Wojciechowski et al. (2017) which aimed to explain temporal variation in beta 
diversity. Two main steps were undertaken to accomplish this task. First, SSS (our 
response variable) was estimated, for each sampling period, using a Partial Redundancy 
Analysis (pRDA; Borcard et al., 1992; Legendre & Legendre, 2012) and variation 
partitioning (Peres-Neto et al., 2006). Community structure may be influenced by local 
conditions (e.g. abiotic variables), spatial variables (used as proxy of dispersal) and past 
community structure. Therefore, we partitioned the variation in phytoplankton 
community structure in each sampling period in three pure fractions: [a] proportion of 
variance explained exclusively by the environmental variables; [b] proportion of 
variance explained by the spatial variables; and [c] proportion of variance explained by 
past community structure. Fiver other fractions were also estimated: [d] the variation in 
biological data explained by spatially structured environmental variables; [e] the 
variation in biological data explained by the common structure of environmental 
variables and past community structure; [f] the variation explained by the past 
community structure that was spatially structured; [g] the variation in biological data 
explained by the common structure of environmental variables, spatial variables and 
past community structure; [h] unexplained variation in biological data. 
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To increase comparability between sampling periods, we decided to use the first 
four PCA axes to summarize the environmental variables, the first four Moran’s 
Eigenvector Maps to represent spatial variables (Dray et al., 2006), and the first four 
PCoA vectors to represent the past community structure in pRDA and variation 
partitioning, as explained subsequently. The first four axes of PCA and PCoA usually 
explained a high proportion of the variance in the original data (from 89.9% to 96.9% 
for PCA; and from 50.7% to 66.5% for PCoA). Also, the first four Moran’s Eigenvector 
Maps (MEMs) were associated to the highest (and always positive) eigenvalues, 
describing positive autocorrelation at global scales (Dray et al., 2006). PCA axes were 
calculated using all the environmental variables described above. Environmental 
variables were log + 1 transformed, except pH, before analysis. The PCA axes were 
estimated using the function “princomp” in the package vegan (Oksanen et al., 2015) 
for the software R 3.1.3 (R Core Team, 2015). Moran’s Eigenvector Maps (MEMs; 
Dray et al., 2006) were created using the geographic coordinates of the 17 reservoirs 
and the function “pcnm” in the R package PCNM (Legendre et al., 2013). PCoA scores 
(using Bray-Curtis dissimilarity) were calculated using all the species present in the 
previous sampling period using the function “pcoa” in the R package ape (Paradis et al., 
2004). The sum of all fractions [a+b+c+d+e+f+g] corresponds to the total variance 
explained by environmental, spatial and past community occupation. Fractions [a], [b] 
and [c] were tested for statistical significance using randomization tests with 999 runs. 
As the past community structure was measured using the community data from the 
previous period, we showed fractions estimated for 31 periods. Thus, there are no 
results for the first sampling period (fall 2005). For each response matrix (species, 
functional and species separated into different functional groups), we estimated the 
fractions [a], [b] and [c] for each of the 31 periods separately. Fraction [a] was our 
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measure of SSS. Phytoplankton density data and environmental variables were, 
respectively, Hellinger-transformed (Legendre & Gallagher, 2001) and standardized 
before the analyses. Our pRDA models were estimated using the function “varpart” in 
the R vegan package (Oksanen et al., 2015). We performed a paired Wilcoxon test to 
compare the adjusted coefficients of determination (adjusted R2), estimated by RDA 
models, for functional groups matrices and phytoplankton species matrix, using the 
function “wilcox.test” in the stats package. We compared the global adjusted R2 and the 
adjusted R2 considering the SSS (fraction [a]; see above). 
We applied a General Least-Square Model (GLS, Pinheiro & Bates, 2000) to 
explain the temporal variation in SSS. We used the following predictors: environmental 
heterogeneity (EH), total species richness of the period (SR), Cyanobacterial dominance 
(CYANO), and an environmental variable indicating productivity. To estimate EH, we 
applied an analysis of homogeneity of multivariate dispersions to the abiotic matrix in 
each period, as described by Anderson et al. (2006, 2011). All the environmental 
variables described above were previously standardized and used to estimate EH. As a 
proxy of productivity, we added one of the following climate variables in alternative 
models: total insolation (INS, kWh m-2), precipitation (PRE, mm) or water temperature 
(WT, °C). It is well-known that all climatic variables above are positively correlated to 
productivity, and also that they vary seasonally in Subtropics. Total insolation and 
precipitation were obtained from INMET (National Institute of Meteorology) in 
BDMEP (Database of Meteorological Data for Education and Research) from a 
meteorological station located in the center of the Paraná State (-25°46’ W, -50°63’ S). 
We also used the mean density (cells mL-1) of all the Cyanobacterial taxa occurring in 
each period as a predictor of SSS. However, we did not use this predictor for Group III, 
given that this group is composed entirely of Cyanobacteria species. For our GLS 
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model, we assumed an autoregressive model of order 1 (Pinheiro & Bates, 2000). This 
model was estimated using the nlme package in R (Pinheiro et al., 2015). The best 
approximating model for our data were selected using the Akaike Information Criterion 
(AIC), following Burnham & Anderson (2002). In this case, we considered plausible 
models those with ∆AIC lower than 5. 
 
Results 
Variation partitioning of community data 
The relative importance of environmental, spatial and historical predictors (i.e. 
pure fractions [a], [b], and [c]) varied widely over time (Table S3 in Online Resource), 
and significant predictors were not found in all sampling periods (Table S3 in Online 
Resource). 
The average total variance (all fractions summed) explained by our predictor 
matrices ranged from 21% (Group IV) to 54% (Group I and III). Data on past 
community structure were, in average, the best predictor matrix of phytoplankton 
community structure, except for two cases (groups I and II). The environmental and 
spatial matrices were the main predictors of groups I and II, respectively. These 
matrices were unrelated to group IV and no significant relationships were found 
between matrix group VI and past community structure (Table S3 in Online Resource). 
In general, the total variation in phytoplankton community structure was better 
explained when the response matrix was organized according to a functional approach 
instead of a traditional (taxonomic) approach (Table S4 in Online Resource, Fig. 2). 
However, we found a higher total adjusted coefficient of determination among the 
different functional groups when compared to species response matrix (Table S4 in 
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Online Resource, Fig. 2). Groups I and III showed significant higher median values of 
SSS when compared to species response matrix (Table S4 in Online Resource, Fig. 2). 
 
 
Figure 2. Median of the total adjusted coefficient of determination (Total Adjusted R2) 
from RDA models considering the response matrices of phytoplankton species density 
(Species), functional groups density (Groups), and deconstructed into different 
phytoplankton groups densities (Group I – VII). SSS = Strength of species sorting. “+” 
significantly higher than species data; and “-“significantly lower than species data 
according to Wilcoxon test. 
 
The highest SSS values over periods were found, in general, when the response 
matrix was organized by the density vectors of the functional groups (Fig. 3). Similar 





Figure 3. Time series of the adjusted coefficient of determination (Adjusted R2) from 
RDA models considering environmental variables as explanatories and phytoplankton 
data as response matrices: species densities, functional groups density, and species 
density in each functional group (Group I – VII). SSS = Strength of species sorting. 
 
GLS models 
 There were no significant relationships between our predictor variables and our 
measure of the SSS for phytoplankton groups and for most functional groups (I, II, III, 
VI and VII) composition (Table S5 in Online Resource). SSS estimated for species 
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composition was positively related to INS (Table 1). Another predictor variable 
representing productivity (WT) was positively related to SSS for group IV, whereas the 
SSS for group V was positively related to EH.  The next two best models (with delta 
AIC < 5; Table 1) provided similar results. 
 
Table 1. Generalized least squares regression coefficients, standard errors (SE), t and P-
values of best models (∆AIC < 5) predicting the SSS for the phytoplankton 
metacommunity in the Paraná State reservoirs. Abbreviations: EH = environmental 
heterogeneity; CYANO = Cyanobacterial density; SR = species richness; INS = total 
insolation; PRE = precipitation; WT = water temperature. Only models with significant 
variables (in bold) are shown. Phytoplankton groups are detailed in Table S1 in Online 






Coefficient SE t P 
Species #1 (-23.96/0.00) (Intercept) 0.074 0.014 5.179 0.000 
  
EH 0.028 0.017 1.702 0.101 
  
CYANO 0.018 0.016 1.091 0.285 
  
SR 0.009 0.017 0.546 0.590 
  
INS 0.035 0.017 2.002 0.056 
Group IV #1 (-42.25/0.00) (Intercept) 0.050 0.011 4.683 0.000 
  
EH -0.010 0.012 -0.800 0.431 
  
CYANO 0.004 0.013 0.341 0.736 
  
SR -0.011 0.014 -0.825 0.417 
  
WT 0.030 0.015 2.018 0.054 
Group V #1 (-24.08/0.00) (Intercept) 0.085 0.010 8.308 0.000 
  
EH 0.050 0.015 3.240 0.003 
  
CYANO -0.007 0.015 -0.461 0.648 
  
SR -0.013 0.013 -0.993 0.330 
  
PREC -0.030 0.016 -1.858 0.075 
 
#2 (-21.90/2.18) (Intercept) 0.085 0.011 7.480 0.000 
  
EH 0.040 0.016 2.473 0.020 
  
CYANO 0.005 0.015 0.338 0.738 
  
SR -0.013 0.016 -0.801 0.430 
  
INS 0.015 0.017 0.849 0.404 
 
#3 (-21.70/2.38) (Intercept) 0.084 0.012 7.049 0.000 
  
EH 0.037 0.016 2.236 0.034 
  
CYANO 0.008 0.017 0.472 0.641 
  
SR -0.016 0.017 -0.961 0.345 
  







Simultaneous role of environmental and spatial drivers has been recorded for 
different phytoplankton communities (Soininen et al., 2007; Hájek et al., 2011; Chust et 
al., 2013; Gallego et al., 2014). The debate on the most important mechanism for a 
certain metacommunity is highly criticized and unproductive when not related to clear 
expectations (e.g. relative roles depend on organisms’ dispersal ability, spatial scale and 
environmental gradients studied; Heino et al., 2015; see also Brown et at., 2017). 
Indeed, it is hard to conclude that environmental or spatial drivers are the most 
important predictors of a certain metacommunity given that considering all relevant 
variables in predictor matrices is highly difficult if not impossible (see also Vellend et 
al., 2014). Even so, we also found that the earlier community composition was an 
important predictor set. Such ‘historical’ influences are rarely analyzed in studies on the 
composition of phytoplankton metacommunities. Thus, we suggest to include earlier 
occupation in future studies on correlates of phytoplankton community structure.  
Our results also corroborated the view that determinants of community structure 
are highly variable over time (Heino & Mykrä, 2008; Erős et al., 2014; Fernandes et al., 
2014a). Studies have demonstrated that explaining spatial patterns in microalgal 
metacommunities based on snapshot samplings may be biased (Vyverman et al., 2007; 
Verleyen et al., 2009; Heino et al., 2010; Hájek et al., 2011). Such assessments of 
metacommunity structure, despite being conducted over large spatial extents, do not 
capture the temporally dynamic nature of phytoplankton metacommunities (Beisner et 
al., 2006). Complementarily, we have already demonstrated in a previous study that 
beta diversity of phytoplankton in the same reservoirs also vary temporally 
(Wojciechowski et al., 2017). The present study adds to this knowledge because it 
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showed that not only the beta diversity, but also the determinants of metacommunity 
organization are temporally variable.  
We hypothesized that, using the same sets of predictors, phytoplankton 
composition would be better explained in trait-based analyses. This hypothesis was 
based on the assumption that species within a functional group would have similar 
responses to environmental variation. However, we found limited support for this 
hypothesis. One explanation for this result may simply be that, in terms of community 
structure predictability, the deconstructive approach (based on functional groups; 
Marquet et al., 2004) is not so superior to the traditional, taxonomic-based, approach. 
Also, it is important to emphasize that we used literature data to create our functional 
groups. Thus, higher coefficients of determination could be obtained for the 
deconstructive approach, in comparison to the taxonomic approach, with the use of local 
data for the formation of the functional groups. The functional group classification used 
here uses basically morphology to classify species and were proposed using 
phytoplankton data from temperate sites very different from the studied here (e.g. 
Reynolds et al., 2002; Salmaso & Padisák, 2007; Padisák et al., 2009). Also, a better 
elucidation of how environmental variables related to functional traits could be obtained 
if ‘true’ functional composition was analyzed, e.g., either assessing traits responses to 
environmental gradients in a combination of RLQ and forth-corner analysis (Dray et al., 
2014) or using Community-weighted mean (CWM) response matrices (Lavorel et al., 
2007) in pRDA instead of classifying taxa into functional groups proposed by experts. 
In this case, meaningful phytoplankton traits must be measured for all species in the 
dataset (Kleyer et al., 2012). However, we still do not have a set of meaningful traits for 
the phytoplankton species recorded here that allows us to use RLQ and forth-corner 
analysis or CWM-RDA. 
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We found, however, that SSS values over the time-spam were frequently higher 
when we used the density vectors of the functional groups instead of the total species 
composition. Furthermore, groups I (small organisms with high surface/volume ratio) 
and III (filamentous Cyanobacteria, mainly Nostocales) showed higher environment-
related variation. These results suggest that, even with the limited support for our 
general hypothesis, trait-based analyses are central to understand the likely causes 
underlying community assembly. Indeed, while species compositions were mainly 
affected by productivity, species composition in certain groups was affected by 
productivity or environmental heterogeneity.  
Functional group classification was also useful to conclude on our other 
expectation: communities with high species richness would be less explained by 
environmental predictors (Low-Décarie et al., 2014). Although did not find a significant 
correlation between SSS and total species richness, species-rich groups (e.g., groups IV 
and V) exhibited higher SSS than species-poor groups (e.g., groups I and III). This 
observation also highlights that community responses to environmental variation are 
better elucidated by investigating groups of species that respond similarly to 
environmental gradients (i.e. the functional groups).  
We could also observe that variation in SSS among the different functional 
groups is commonly unpredictable (Soininen, 2014); and explanatory power for certain 
functional groups is higher than for the others (Fig. 2). Therefore, it seems that 
community assembly mechanisms may be more evident for some particular functional 
groups. This was the case of the relationship with productivity, as proxied by 
temperature. A likely positive relationship between productivity and SSS was observed 
for group IV (composed by organisms of medium size lacking specialized traits, i.e. 
very common Chlorophytes, as Monoraphidium and Scenedesmus). Although we did 
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not use a proxy for eutrophication as predictor, this is in line with a previous study 
suggesting that eutrophication determines community assembly (Donohue et al., 2009) 
if more productive periods coincide with occurrences of eutrophication.  
Phytoplankton communities can be structured by several factors, such as water 
chemical characteristics (especially nutrients; Reynolds, 1984; 2006), morphological, 
physical and hydrological variables (i.e. water column mixing dynamics and water 
retention time; Domitrovic, 2003; Jones & Elliott, 2007), climate (Paerl & Huisman, 
2008), and biological interactions (i.e. top-down control and viral infection; Lazzaro et 
al., 2003; Brussaard, 2004). This multiplicity of factors may contribute to low 
explanatory power of multivariate models. In addition, although we do not have data to 
test, we speculate that specific management strategies (e.g., flushing and dredging), 
which differ among the reservoirs, may be of paramount importance to predict 
phytoplankton community structure. Also, phytoplankton metacommunity in the Paraná 
State reservoirs was predominantly composed of rare species (the few common species 
are shown in Table S1). Distributions of rare species are difficult to model (Heino & 
Soininen, 2010; Siqueira et al., 2012), also contributing to the low variation explained in 
our analysis. Finally, the possibility of phytoplankton metacommunities being regulated 
by stochastic processes (De Meester et al., 2005; Chase, 2007; Vellend et al., 2014) 
should not be ignored.  
To conclude, we showed that the strength of species sorting of phytoplankton 
metacommunities was highly variable in time. This finding prevailed irrespective of the 
dataset used (i.e. all species, species in each functional group, or aggregate functional 
groups). These temporally variable patterns suggest that the effects of species sorting in 
structuring metacommunities may be dependent on the time of sampling (Erős et al., 
2014; Fernandes et al., 2014a). Hence, we strongly encourage researchers to go beyond 
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snapshot sampling, as the mechanisms controlling local communities may be temporally 
variable and to some degree unpredictable. Finally, we have also demonstrated that SSS 
and its likely determinants depend on the functional group, highlighting the importance 
of trait-based analyses on studies aiming to understand causes for community assembly 
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7.1 Anexo 1 – Normas do Boletim da Associação Brasileira de Limnologia 
Versão completa disponível em: <http://www.ablimno.org.br/arquivos/formatos_artigos.pdf> 
Em seu novo formato, o Boletim da SBL separará os artigos em três categorias:  
1. Artigos de Formação;  
2. Artigos de Informação;  
3. Artigos de Divulgação.  
ARTIGOS DE FORMAÇÂO: Entenda-se por Artigos de Formação, artigos de revisão bibliográfica de 
um tema (ou mesmo pesquisa inédita), com as devidas citações como um paper clássico, mas, 
evidentemente, sem a "peer review". O nome "Formação" surge, pois esperamos que estes artigos ajudem 
a (literalmente) formar melhor alunos de graduação, pós-graduação e talvez até pesquisadores, num 
determinado assunto. Assim, o leitor destes artigos estaria apto a iniciar seu próprio aprofundamento 
sobre o tema e, quem sabe futuramente, tornar-se um especialista nele. Neste número de nosso Boletim 
temos ótimos exemplos de "Artigos de Formação". São eles: A estrutura de teias tróficas. Zonação 
longitudinal da ictiofauna em ambientes lóticos. A aqüicultura em grandes represas brasileiras: interfaces 
ambientais, socioeconômicas e sustentabilidade. Os impactos das introduções de espécies exóticas em 
sistemas aquáticos continentais. Espécies introduzidas como vetores de patógenos e parasitas.  
ARTIGOS DE INFORMAÇÂO: Esta sessão publicará artigos de limnólogos que informem ao leitor 
algum acontecimento, como por exemplo, eventos, projetos ou ainda comentários e notas de um 
importante artigo que foi publicado em Limnologia. Desta forma, nosso leitor ficaria informado sobre 
estes assuntos. Neste número temos artigos muito interessantes: Limnologia em pesquisas ecológicas de 
longa duração:a experiência nas lagoas costeiras do norte fluminense (PELD - Sítio 5). Dez anos como 
editor da Acta Limnologia Brasiliensia. Mensagem do editor da Acta Limnologia Brasiliensia. Relatório 
do XII Congresso Brasileiro de Limnologia.  
ARTIGOS DE DIVULGAÇÃO: Esta sessão publicará artigos de divulgação científica, que são 
necessariamente curtos, com nenhuma ou poucas citações e que têm o objetivo de mostrar ao público 
leigo (e à imprensa) algumas aplicações e particularidades da nossa ciência. Neste número um artigo que 
satisfaz esta condição é: Nenhum peixe é uma ilha. Nós geralmente convidamos alguns pesquisadores a 
escreverem artigos para o Boletim, mas gostaríamos de incentivar nossos leitores a mandarem 
espontaneamente suas contribuições. Aliás, se o leitor preferir, ele pode mandar primeiramente uma 
proposta de artigo (ou resumo) que avaliaremos a pertinência da publicação com enorme interesse. 
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Each author is required to declare his or her individual contribution to the article: all authors 
must have materially participated in the research and/or article preparation, so roles for all 
authors should be described. The statement that all authors have approved the final article 
should be true and included in the disclosure. 
Article Structure  
Manuscripts should be typewritten with numbered lines, with wide margins and double spacing 
throughout, i.e. also for abstracts, footnotes and references. Every page of the manuscript, 
including the title page, references, tables, etc., should be numbered in the upper righthand 
corner. Divide your article into clearly defined and numbered sections. Subsections should be 
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). 
Use this numbering also for internal cross-referencing: do not just refer to 'the text'. Any 
subsection may be given a brief heading. Each heading should appear on its own separate line.  
Introduction  
State the objectives of the work and provide an adequate background, avoiding a detailed 
literature survey or a summary of the results.  
Material and methods  
Provide sufficient detail to allow the work to be reproduced. Methods already published should 
be indicated by a reference: only relevant modifications should be described.  
Results  
Results should be clear and concise.  
Discussion  
This should explore the significance of the results of the work, not repeat them. Results and 
discussion should not be combined.  
Conclusions  
The main conclusions of the study may be presented in a short. Conclusions section, which 
may stand alone or form a subsection of a Discussion or Results and Discussion section.  
Essential title page information  
• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid 
abbreviations and formulae where possible.  
• Author names and affiliations. Please clearly indicate the given name(s) and family name(s) of 
each author and check that all names are accurately spelled. Present the authors' affiliation 
addresses (where the actual work was done) below the names. Indicate all affiliations with a 
lowercase superscript letter immediately after the author's name and in front of the appropriate 
address. Provide the full postal address of each affiliation, including the country name and, if 
available, the e-mail address of each author.  
• Corresponding author. Clearly indicate who will handle correspondence at all stages of 
refereeing and publication, also post-publication. Ensure that the e-mail address is given and 
that contact details are kept up to date by the corresponding author.  
• Present/permanent address. If an author has moved since the work described in the article 
was done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be 
indicated as a footnote to that author's name. The address at which the author actually did the 
work must be retained as the main, affiliation address. Superscript Arabic numerals are used for 
such footnotes.  
Highlights  
Highlights are mandatory for this journal. They consist of a short collection of bullet points that 
convey the core findings of the article and should be submitted in a separate editable file in the 
online submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet 
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points (maximum 85 characters, including spaces, per bullet point). You can view example 
Highlights on our information site.  
Keywords  
Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and 
avoiding general and plural terms and multiple concepts (avoid, for example, 'and', 'of'). Be 
sparing with abbreviations: only abbreviations firmly established in the field may be eligible. 
These keywords will be used for indexing purposes.  
Artwork  
•Make sure you use uniform lettering and sizing of your original artwork.  
•Save text in illustrations as 'graphics' or enclose the font.  
•Only use the following font in your illustrations: Arial.  
•Number the illustrations according to their sequence in the text.  
•When labelling composite figures, please label as A,B,C, etc. in Arial font, positioned on the 
upper left corner, on the panel whenever possible. Please do not include any periods, 
parentheses, etc.  
•Use a logical naming convention for your artwork files.  
•Provide captions to illustrations separately.  
•Produce images near to the desired size of the printed version.  
•Submit each figure as a separate file.  
•Extra frames and boxes around figures should be eliminated. Please include only X and Y (and 
Z if applicable) axes. Background lines on figures should only be included when absolutely 
necessary.  
•Legend material and explanations of symbols, etc. should be on the panel, not hanging off to 
the side of the figure. No frame is necessary. If this material does not fit on the panel, it should 
be included in the actual figure legend.  
•Submitting figures as they are printed from Excel or other spread sheets is not acceptable 
formatting for publication. 
Tables  
1. Authors should take notice of the limitations set by the size and lay-out of the journal. Large 
tables should be avoided. Reversing columns and rows will often reduce the dimensions of a 
table.  
2. If many data are to be presented, an attempt should be made to divide them over two or 
more tables.  
3.Tables should be numbered according to their sequence in the text. The text should include 
references to all tables.  
4. Each table should be typewritten on a separate page of the manuscript. Tables should never 
be included in the text.  
5. Each table should have a brief and self-explanatory title.  
6. Column headings should be brief, but sufficiently explanatory. Standard abbreviations of units 
of measurements should be added between parentheses.  
7. Vertical lines should not be used to separate columns. Leave some extra space between the 
columns instead. 8. Any explanation essential to the understanding of the table should be given 
as a footnote at the bottom of the table. 9. When preparing tables, if you are using a table grid, 
use only one grid for each individual table and not a grid for each row. If no grid is used, use 
tabs, not spaces, to align columns.  
References  
1. All publications cited in the text should be presented in a list of references following the text of 
the manuscript. The manuscript should be carefully checked to ensure that the spelling of 
author's names and dates are exactly the same in the text as in the reference list.  
2. In the text refer to the author's name (without initial) and year of publication, followed - if 
necessary - by a short reference to appropriate pages. Examples: "Since Peterson (1993) has 
shown that. . ." "This is in agreement with results obtained later (Kramer, 1993, pp. 12-16)".  
3. When reference is made to a work by two authors, both names should be given using "and". 
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If reference is made in the text to a publication written by more than two authors, the name of 
the first author should be used followed by "et al.". This indication, however, should never be 
used in the list of references. In this list names of first author and co-authors should be 
mentioned.  
4. References cited together in the text should be arranged chronologically. The list of 
references should be arranged alphabetically on author's names, and chronologically per 
author. If an author's name in the list is also mentioned with co-authors the following order 
should be used: publications of the single author, arranged according to publication dates - 
publications of the same author with one co-author - publications of the author with more than 
one co-author. Publications by the same author(s) in the same year should be listed as 1993a, 
1993b, etc. For Volume (Vol.) Bulletin (Bull.), and No., Arabic numerals should be used (not 
underlined); the full number of pages should be given in the form of pp. 123-128.  
5. Use the following system for arranging your references:  
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pumping and body size in the mussel Mytilus edulis I. J. Exp. Mar. Biol. Ecol. 155(2), 213-237.  
b. For books Clark, R.B., 1992. Marine pollution, 3rd ed. Clarendon Press, Oxford.  
c. For multi-author books Hawkins, A.J.S., Baynes, B.L., 1992. Physiological processes, and the 
regulation of production. In: Gosling, E. (Ed.), The mussel Mytilus: ecology, physiology, genetics 
and culture. Elsevier Publishers B.V., Amsterdam, pp. 171-222.  
d. For Dataset [dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data 
for Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, v1. 
http://dx.doi.org/10.17632/xwj98nb39r.1.  
6. The name of the journal should be abbreviated according to the International List of 
Periodical Title Word Abbreviations, published by the International Serials Data Systems; Paris, 
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7. In the case of publications in any language other than English, the original title is to be 
retained. However, the titles of publications in non-Latin alphabets should be transliterated, and 
a notation such as "(in Russian)" or "(in Greek, with English abstract)" should be added.  
8. Work accepted for publication but not yet published should be referred to as "in press".  
9. References concerning unpublished data and "personal communications" should not be cited 
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you to cite underlying or relevant datasets in your manuscript by citing them in your text and 
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global persistent identifier. Add [dataset] immediately before the reference so we can properly 
identify it as a data reference. The [dataset] identifier will not appear in your published article. 
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products that support Citation Style Language styles, such as Mendeley and Zotero, as well as 
EndNote. Using the word processor plug-ins from these products, authors only need to select 
the appropriate journal template when preparing their article, after which citations and 
bibliographies will be automatically formatted in the journal's style. If no template is yet available 
for this journal, please follow the format of the sample references and citations as shown in this 
Guide. Users of Mendeley Desktop can easily install the reference style for this journal by 
clicking the following link: http://open.mendeley.com/use-citation-style/harmful-algae When 
preparing your manuscript, you will then be able to select this style using the Mendeley plugins 
for Microsoft Word or LibreOffice. 
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7.3 Anexo 3 – Material Suplementar Capítulo 1 
Supplementary material 
Table S1. List of studies included in our effects sizes database, the dependent and response variables, dominant species, Cyanobacterial group, 
and region obtained from each one.  
N. Study Dependent variable Response variable Dominant species Group Region 
1 Ahern et al. 2007 NO3, PO4 Growth rate Lyngbya majuscula Homocyted Subtropical 
2 Ahern et al. 2008 TN Biomass Lyngbya majuscula Homocyted Subtropical 
3 Ahn et al. 2011 TN, TDN, TPN, TP, 
TDP, TPP 
Density Multiple Multiple Temperate 
4 Ai et al. 2015 TN, TDN, TP, TDP Dominance Microcystis spp. Unicellular/Colonial  Subtropical 
5 Amano et al. 2010 PO4 Growth rate Microcystis aeruginosa Unicellular/Colonial Temperate 
6 Amano et al. 2012 NO3 Growth rate Microcystis aeruginosa Unicellular/Colonial  Subtropical 
7 Amaral et al. 2014 PO4 Growth rate Cylindrospermopsis raciborskii Heterocyted Temperate 
8 Andersson et al. 2015 TP Biomass Multiple Multiple Temperate 
9 Anneville et al. 2015 TP Biomass Multiple Multiple Temperate 
10 Arthur et al. 2009 NO3, PO4 Biomass Lyngbya sp. Homocyted Subtropical 
11 Arvola et al. 2011 TN, NOx, TP Biomass Multiple Multiple Temperate 
12 Bai et al. 2014 DIP Growth rate Cylindrospermopsis raciborskii Heterocyted Subtropical 
13 Baldia et al. 2007 NO3, PO4 Density Microcystis aeruginosa Unicellular/Colonial Tropical 
14 Ballot et al. 2003 TN, TP Biomass, Microcystin Multiplecon Multiple Tropical 
15 Beaulieu et al. 2014 TN, TP Biomass Multiple Multiple Global 
16 Bell & Elmetri 2007 PO4 Growth rate Lyngbya majuscula Homocyted Subtropical 
17 Beversdorf et al. 2015 NH4 Microcystin Multiple Multiple Temperate 
18 Blanco et al. 2009 TP Density Multiple Multiple Temperate 
19 Bonilla et al. 2012 TP Dominance Multiple Multiple Global 
20 Bouvy et al. 1999 NH4, NO3, NO2, 
PO4 
Biomass, Density Cylindrospermopsis raciborskii, Multiple Heterocyted, 
Multiple 
Tropical 
21 Brookes & Ganf 2001 NO3, PO4 Growth rate Microcystis aeruginosa Unicellular/Colonial Temperate 
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22 Bunting et al. 2007 TN, TP Biovolume Planktothrix agardhii Homocyted Temperate 
23 Camacho & de Wit 2003 NO3, PO4 Mixoxanthin Multiple Multiple Temperate 
24 Carey et al. 2014 TN, TP Density Gloeotrichia echinulata Homocyted Temperate 
25 Carvalho et al. 2011 TN, TP Biovolume Multiple Multiple Temperate 
26 Carvalho et al. 2013 TP Biovolume Multiple Multiple Temperate 
27 Celik et al. 2006 NO3, PO4 Density Multiple Multiple Temperate 
28 Chaffin & Bridgeman 2014 NH4, NO3 Growth rate Microcystis aeruginosa, Planktothrix agardhii Unicellular/Colonial, 
Homocyted 
Temperate 
29 Chen et al. 2004 NO3+NO2, PO4 Density Trichodesmium sp. Heterocyted Tropical 
30 Chen et al. 2007 NH4, NO3, TP Biomass, Microcystin Multiple Multiple Temperate 
31 Chen et al. 2009 TP Biomass Multiple Multiple Subtropical 
32 Chen et al. 2009ª NH4, NO3, TP, PO4 Biomass, Microcystin Multiple Multiple Temperate 
33 Chen et al. 2014 TN, TP Dominance Multiple Unicellular/Colonial  Subtropical 
34 Chetelat et al. 2006 TN, TP Biomass Multiple Multiple Temperate 
35 Chislock et al. 2014 TN, TP, PO4 Biomass, Saxitoxin, 
Microcystin 
Cylindrospermopsis raciborskii, Multiple Heterocyted, 
Multiple 
Temperate 
36 Costa et al. 2014 TP Density Multiple Multiple Tropical 
37 Cuvin-Aralar et al. 2002 NO3 Microcystin Microcystis aeruginosa Unicellular/Colonial Tropical 
38 Davis et al. 2009 DIN, DIP Phycocyanin, Density, 
Microcystin 
Microcystis sp. Unicellular/Colonial  Temperate 
39 Davis et al. 2010 DIN, DON, NH4, 
NO3, DIP, DOP, 
PO4 
Density Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Temperate 
40 Davis et al. 2015 NH4, NO3, PO4 Microcystin Planktothrix agardhii Homocyted Temperate 
41 De Souza et al. 1998 DON, NO3, TP Density Multiple Multiple Subtropical 
42 Dean et al. 2008 PO4 Biovolume Dolichospermum flos-aquae Heterocyted Temperate 
43 Dembowska et al. 2015 TP Biomass Multiple Multiple Temperate 
44 Deng et al. 2007 NO3, TP Density Dolichospermum sp. Heterocyted Subtropical 
45 Deng et al. 2007ª TN, NH4, NO3, TP Biomass Multiple Multiple Temperate 
46 Dokulil & Teubner 2012 TP Biovolume Planktothrix rubescens Homocyted Temperate 
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47 Domingues et al. 2007 NO3 Density Multiple Multiple Temperate 
48 Domingues et al., 2012 NO3 Density Picocyanobacteria Unicellular/Colonial  Temperate 
49 Donald et al. 2011 TN, NH4, NO3, PO4 Biovolume, 
Microcystin 
Multiple Multiple Temperate 
50 Donald et al. 2013 NH4, NO3 Biomass Multiple Multiple Temperate 
51 Doubek et al. 2015 TN, TP Biovolume, 
Dominance 
Multiple Multiple Temperate 
52 Downing et al. 2001 TN, TP Dominance Multiple Multiple Temperate 
53 Dzialowski et al. 2011 TP Biovolume Multiple Multiple Temperate 
54 Eldridge et al. 2013 TP, DIP Microcystin Microcystis aeruginosa Unicellular/Colonial Temperate 
55 Elmetri & Bell 2004 PO4 Biomass Lyngbya majuscula Homocyted Subtropical 
56 Ferraz 2012 DON, NH4, NO3, 
NO2 
Density Sphaerocavum brasiliense Unicellular/Colonial  Tropical 
57 Ferraz 2015 TP Density Sphaerocavum brasiliense Unicellular/Colonial Tropical 
58 Ferrier-Pages & Furla 2001 NH4, PO4 Growth rate Multiple Multiple Temperate 
59 Figueiredo et al. 2004 NO3, PO4 Density Dolichospermum flos-aquae Heterocyted Temperate 
60 Figueiredo et al. 2012 NO3, PO4 Biomass Aphanizomenon issatschenkoi, A. gracile, A. 
aphanizomenoides 
Heterocyted Temperate 
61 Figueredo et al. 2014 NH4, NO3, TP Biomass Multiple Multiple Tropical 
62 Fisher et al. 2009 TN, NH4, NO3, TP, 
PO4 
Dominance Multiple Multiple Subtropical 
63 Fisher et al. 2013 TN, NH4, NO3, TP, 
PO4 
Biovolume Multiple Multiple Temperate 
64 Fishman et al. 2009 TP, PO4 Biomass Multiple Multiple Temperate 
65 Fulton et al. 2015 TN, TP Biomass Multiple Multiple Subtropical 
66 Gagala et al. 2014 TN, TDN, TDP Biomass Multiple Multiple Temperate 
67 Gagnon & Pick 2012 NO3 Density, Growth rate, 
Phycocyanin, 
Anatoxin 
Aphanizomenon issatschenkoi Heterocyted Temperate 
68 Garcia & Hutchins 2014 NO3 Growth rate Crocosphaera watsonii Unicellular/Colonial Subtropical 





70 Giani et al. 2005 TN, TP Biomass, Microcystin Multiple Multiple Temperate 
71 Gkelis et al. 2014 NH4, NO3, NO2, 
PO4 
Microcystin Multiple Multiple Temperate 
72 Glibert et al. 2014 TN, NH4, NO3, TP, 
PO4 
Zeaxanthin Multiple Multiple Temperate 
73 Gobler et al. 2016 PO4 Microcystin Microcystis sp. Unicellular/Colonial Temperate 
74 Goncalves et al. 2016 PO4 Growth rate, Biomass Synechocystis salina Unicellular/Colonial Temperate 
75 Gonzalez 2000 TN, TP Density Multiple Multiple Tropical 
76 Graham et al. 2004 TN, TP Biovolume, 
Microcystin 
Multiple Multiple Temperate 
77 Guo et al. 2015 TN, TP Density, Biomass, 
Microcystin 
Microcystis sp. Unicellular/Colonial  Subtropical 
78 Ha et al. 1999 DIN, NH4, NO3, 
TP, PO4 
Dominance Multiple Multiple Temperate 
79 Haande et al. 2011 TN, TP, PO4 Dominance Multiple Multiple Subtropical 
80 Hadas et al. 1999 TDP Density Aphanizomenon ovalisporum Heterocyted Temperate 
81 Hakanson et al. 2007 TN, TP Biomass Multiple Multiple Temperate 
82 Harke & Gobler 2013 NO3, PO4 Growth rate, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Temperate 
83 Harke & Gobler 2015 NO3 Chlorophyll-a, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Temperate 
84 Harke et al. 2012 PO4 Chlorophyll-a Microcystis spp. Unicellular/Colonial Temperate 
85 Hartshorn et al. 2016 TN, TP Microcystin Microcystis aeruginosa Unicellular/Colonial Subtropical 
86 Heath et al. 2014 NO3, PO4 Density Phormidium autumnale Homocyted Temperate 
87 Homma et al. 2008 TN, TP Density Microcystis spp. Unicellular/Colonial  Temperate 
88 Horst et al. 2014 TP, NO3 Biomass, Microcystin Microcystis aeruginosa Unicellular/Colonial Temperate 
89 Huang et al. 2014 TN, TP Density Multiple Multiple Subtropical 
90 Huang et al. 2015 TP Chlorophyll-a Microcystis aeruginosa Unicellular/Colonial Temperate 
91 Huang et al. 2016 TP Density Microcystis aeruginosa Unicellular/Colonial Subtropical 
92 Hunt & Matveev 2005 NH4+NO3 Growth rate Dolichospermum circinalis Heterocyted Subtropical 
93 Huszar & Caraco 1998 TN, NH4, NO3, TP, 
PO4 
Dominance Multiple Multiple Temperate 
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94 Huszar et al. 2000 TN, NO3, TP, PO4 Dominance Multiple Multiple Tropical 
95 Irvine & Murphy 2009 NH4, NO3+NO2, 
TP 
Microcystin Multiple Multiple Temperate 
96 Islam et al. 2013 TN, DIN, NH4, 
NO3, NO2 
Microcystin Microcystis spp. Unicellular/Colonial  Temperate 
97 Isles et al. 2015 TN, TP Phycocyanin Multiple Multiple Temperate 
98 Izydorczyk et al. 2008 NH4, TP, PO4 Biomass, Microcystin Microcystis aeruginosa Unicellular/Colonial  Temperate 
99 Izydorczyk et al. 2008a TN, NH4, NO3, TP, 
PO4 
Biomass, Microcystin Microcystis aeruginosa, Multiple Unicellular/Colonial, 
Multiple 
Temperate 
100 Jacquet et al. 2014 TP Density Planktothrix rubescens Homocyted Temperate 
101 Jahan et al. 2010 NO3, PO4 Density Multiple Multiple Subtropical 
102 Jahnichen et al. 2011 PO4 Growth rate, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Temperate 
103 Jannus et al. 2009 TN, NO3+NO2, TP, 
PO4 
Biomass Multiple Multiple Temperate 
104 Jardim et al. 2014 TN, DON, NH4, 
NO3, TP 
Density Multiple Multiple Tropical 
105 Ji & Sherrell 2008 PO4 Growth rate Microcystis sp. Unicellular/Colonial Temperate 
106 Jiang et al. 2014 PO4 Density Multiple Multiple Temperate 
107 Joung et al. 2011 TP Microcystin, Density Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Temperate 
108 Kane et al. 2014 PO4 Biomass Multiple Multiple Temperate 
109 Ke et al. 2008 TN, NH4, NO3, TP Biomass Microcystis sp. Unicellular/Colonial  Subtropical 
110 Kenesi et al. 2009 N2, NH4, NO3 Chlorophyll-a Cylindrospermopsis raciborskii Heterocyted Temperate 
111 Kim et al. 2014 TP, PO4 Dominance Multiple Multiple Temperate 
112 Kohler & Hoeg 2000 TP Biovolume Limnothrix redekei Homocyted Temperate 
113 Kohler & Nixdorf 1994 PO4 Biomass Multiple Multiple Temperate 
114 Kokocinski & Soininen 
2012 
TN, TP Dominance Multiple Multiple Temperate 
115 Kolzau et al. 2014 TN, DIN, NH4, 
NO3+NO2, TP, PO4 
Biovolume Multiple Heterocyted Temperate 
116 Kosten et al. 2012 TP Biovolume Multiple Multiple Global 
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117 Kozak & Goldyn 2014 TN, DON, NH4, 
NO3, NO2, TP, PO4 
Density Multiple Multiple Temperate 
118 Kozak et al. 2015 PO4 Density Multiple Multiple Temperate 
119 Kretz et al. 2015 PO4 Growth rate Synechococcus sp. Unicellular/Colonial Subtropical 
120 Krüger et al. 2012 NO3, PO4 Chlorophyll-a Microcystis aeruginosa Unicellular/Colonial Temperate 
121 Kurmayer 2011 NO3, PO4 Growth rate Nostoc sp. Heterocyted Temperate 
122 Laamanen 1997 TN, DIN, TP, PO4 Density Multiple Multiple Temperate 
123 Lavallee & Pick 2002 TN, NH4, 
NO3+NO2 
Density Multiple Unicellular/Colonial  Temperate 
124 Lavallee & Pick 2002 TP, PO4 Density Multiple Unicellular/Colonial Temperate 
125 Lee et al. 2015 NO3, TP Density, Microcystin Microcystis aeruginosa Unicellular/Colonial  Temperate 
126 Lee et al. 2015ª NH4, NO3, NO2, 
PO4 
Biomass Multiple Multiple Temperate 
127 Lei et al. 2015 PO4 Density Microcystis aeruginosa Unicellular/Colonial Subtropical 
128 Leigh et al. 2015 TN, NO3+NO2, TP Biovolume Multiple Multiple Subtropical 
129 Li et al. 2012 TN, NO3, TP, PO4 Density, Microcystin Microcystis spp. Unicellular/Colonial  Subtropical 
130 Li et al. 2014 TN, NH4, NO3, TP, 
PO4 
Density, Microcystin Microcystis sp. Unicellular/Colonial  Subtropical 
131 Li et al. 2015 DIN, PO4 Density Multiple Multiple Temperate 
132 Li et al. 2016 TDN, TDP Density Microcystis spp. Unicellular/Colonial  Subtropical 
133 Liu et al. 2008 TN, TDN, NH4, 
NO3, TP, TDP, PO4 
Density, Microcystin Microcystis spp. Unicellular/Colonial  Subtropical 
134 Liu et al. 2011 TN, TDN, TP, TDP Microcystin Microcystis spp. Unicellular/Colonial  Subtropical 
135 Liu et al. 2015 TP Growth rate, Density, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Temperate 
136 Loza et al. 2014 NH4, NO3, PO4 Density Nostoc carneum, Multiple Heterocyted, 
Multiple 
Temperate 
137 Lu et al. 2013 TN, NH4, TP Density Multiple Multiple Temperate 
138 Lv et al. 2011 TN, NH4, 
NO3+NO2 
Biomass Multiple Multiple Subtropical 
139 Lv et al. 2014 TN, NH4, 
NO3+NO2, TP, PO4 
Biomass Multiple Multiple Subtropical 
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140 Ma et al. 2014 TN, NO3, TP, PO4 Dominance, Growth 
rate, Biovolume 
Microcystis spp., Multiple Unicellular/Colonial, 
Multiple 
Subtropical 
141 Makarewicz et al. 2009 NO3, TP Microcystin Microcystis aeruginosa Unicellular/Colonial  Temperate 
142 Mankiewicz et al. 2005 TN, TP Biomass Multiple Homocyted Temperate 
143 Mark et al. 2016 PO4 Density Phormidium sp. Homocyted Temperate 
144 Markou et al. 2012 PO4 Biomass Arthrospira (Spirulina) platensis Homocyted Temperate 
145 Marques 2009 TN, TP, PO4 Density Cylindrospermopsis raciborskii Heterocyted Tropical 
146 Marshall 2012 TN, TP Density Multiple Multiple Temperate 
147 Maske et al. 2010 NO3, PO4 Dominance Microcystis sp. Unicellular/Colonial  Subtropical 
148 Mastala et al. 1996 TP, PO4 Density, Growth rate Synechococcus sp. Unicellular/Colonial Temperate 
149 McCarthy et al. 2009 TN, DIN, NH4, 
NO3, NOx, 
NH4+NOx, TP, PO4  
Dominance Multiple Homocyted Subtropical 
150 McCarthy et al. 2013 TN, DIN, NH4, 
NO3+NO2, TP, PO4 
Dominance Multiple Multiple Subtropical 
151 McDonald & Lehman 2013 PO4 Growth rate Multiple Multiple Temperate 
152 McEachern et al. 2009 TN, NO3+NO2, TP Dominance Multiple Multiple Temperate 
153 Mitra et al. 2011 PO4 Growth rate Cylindrospermopsis raciborskii Heterocyted Temperate 
154 Mitrovic et al. 2001 NH4, NO3, PO4 Density Multiple Multiple Temperate 
155 Moisander & Paerl 2000 PO4 Growth rate Nodularia sp. Heterocyted Temperate 
156 Moisander et al. 2003 TN, PO4 Density Multiple Multiple Temperate 
157 Moisander et al. 2009 NH4, NO3, NOx, 
PO4 
Density, Microcystin Microcystis aeruginosa Unicellular/Colonial  Temperate 
158 Moisander et al. 2012 NH4, NO3, PO4 Density Multiple Multiple Subtropical 
159 Moisander et al. 2008 NH4, NO3 Growth rate Cylindrospermopsis raciborskii Heterocyted Subtropical 
160 Monchamp et al. 2014 TN, DON, NH4, 
NO3+NO2, TP, PO4 
Biomass Multiple Multiple Temperate 
161 Moore & Moss 2013 NO3 Dominance Multiple Multiple Temperate 
162 Muhid et al. 2013 NO3, PO4 Biovolume Dolichospermum spp., Cylindrospermopsis 








163 Muller & Mitrovic 2015 NO3, PO4 Biovolume Multiple Multiple Subtropical 
164 Napiorkowska-Krzebietke 
& Hutorowicz 2015 
TN, TP, PO4 Biomass Multiple Multiple Temperate 
165 Nausch et al. 2009 NH4, NO3+NO2, 
TP, DIP, DOP 
Biomass Multiple Multiple Temperate 
166 Ni et al. 2012 TN, NH4, NO3, TP Density, Dominance, 
Microcystin 
Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Subtropical 
167 Obenour et al. 2014 TP Density Multiple Multiple Temperate 
168 Ojala et al. 2003 PO4 Dominance Multiple Multiple Temperate 
169 Onandia et al. 2015 TN, NH4, NO3, TP, 
PO4 
Chlorophyll-a Multiple Unicellular/Colonial  Temperate 
170 Orihel et al. 2012 TN, TP Microcystin Multiple Multiple Temperate 






172 Paerl et al. 2014 NO3+NH4, PO4 Chlorophyll-a, Density Multiple Multiple Subtropical 
173 Perri et al. 2015 TN, TP Phycocyanin Multiple Multiple Temperate 
174 Piehler et al. 2009 NO3, PO4 Chlorophyll-a Multiple Multiple Subtropical 
175 Pimentel & Giani 2014 NH4, NO3, PO4 Chlorophyll-a, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Tropical 
176 Polyak et al. 2013 NO3, PO4 Biomass Microcystis aeruginosa Unicellular/Colonial Temperate 
177 Poste et al. 2013 TN, NH4, TP, PO4 Biomass, Microcystin Microcystis spp., Multiple Unicellular/Colonial, 
Multiple 
Tropical 
178 Prentice et al. 2015 DIP Biovolume Multiple Multiple Subtropical 
179 Preussel et al. 2014 PO4 Growth rate, 
Cylinderspermopsin 
Aphanizomenon sp. Heterocyted Temperate 
180 Raikow et al. 2004 TP Dominance Multiple Multiple Temperate 
181 Rantala et al. 2006 TN, TP Density, Microcystin Microcystis sp. Unicellular/Colonial  Temperate 
182 Rejmankova & Komarkov 
2005 
TN, PO4 Dominance Multiple Multiple Tropical 
183 Ren et al. 2014 TN, TP Density Multiple Multiple Temperate 
184 Repka et al. 2001 PO4 Growth rate Nodularia sp. Heterocyted Temperate 
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185 Rigosi et al. 2015 TN, TP Density Multiple Multiple Global 
186 Rinta-Kanto et al. 2009 TN, NH4, NO3, TP, 
PO4 
Density, Microcystin Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Temperate 
187 Rocha et al. 2002 NO3 Density Microcystis sp. Unicellular/Colonial  Temperate 
188 Rodier & Le Borgne 2008 NO3 Density Trichodesmium spp. Heterocyted Tropical 
189 Rojo & Cobelas 1994 DIN, NH4, PO4 Biovolume, Biomass Planktothrix agardhii, Pseudanabaena limnetica Homocyted Temperate 
190 Rolland et al. 2013 TN, TP Biovolume Multiple Multiple Temperate 
191 Romo et al. 2013 TP Biovolume, 
Microcystin 
Microcystis aeruginosa Unicellular/Colonial Temperate 
192 Roy et al. 2016 DIN, DIP Density Multiple Multiple Subtropical 
193 Royle e King 1992 TN, NO3+NO2 Density, Dominance Oscillatoria sp. Homocyted Temperate 
194 Saadoun et al. 2001 NH4, NO3, PO4 Chlorophyll-a, 
Geosmin 
Dolichospermum sp. Heterocyted Temperate 
195 Saker & Neilan 2001 NH4, NO3 Growth rate Cylindrospermopsis raciborskii Heterocyted Subtropical 
196 Salmaso 2010 DIN, TP Biovolume Multiple Homocyted Temperate 
197 Santos 2011 TN Density Microcystis sp. Unicellular/Colonial Subtropical 
198 Sarnelle et al. 2010 TP Microcystin Microcystis aeruginosa Unicellular/Colonial Temperate 
199 Saxton et al. 2012 PO4 Growth rate Microcystis aeruginosa Unicellular/Colonial Temperate 
200 Scheffer et al. 1997 TN, TP Dominance Multiple Homocyted Temperate 
201 Setta et al. 2014 NO3 Chlorophyll-a Synechococcus subsalsus Unicellular/Colonial Subtropical 
202 Sevilla et al. 2010 NO3 Density, Microcystin Microcystis aeruginosa Unicellular/Colonial Temperate 
203 Sevindik et al. 2015 NO3, TP Dominance Multiple Multiple Temperate 
204 Shen & Song 2007 PO4 Growth rate Microcystis sp. Unicellular/Colonial Temperate 
205 Sinang et al. 2013 TP Microcystin Multiple Multiple Temperate 




Multiple Multiple Subtropical 





Multiple Multiple Subtropical 
208 Singh et al. 1993 PO4 Density Nostoc muscorum Heterocyted Temperate 
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209 Sipauba-Tavares et al. 
2014 
NH4, NO3, TP, PO4 Chlorophyll-a Multiple Multiple Tropical 
210 Smith et al. 2016 TP Biovolume Multiple Multiple Temperate 
211 Sondergaard et al. 2011 TN, TP Dominance Multiple Multiple Temperate 
212 Sorichetti et al. 2014 TN, NH4, NO3, TP Density, Dominance, 
Density 
Multiple Multiple Temperate 




Multiple Multiple Temperate 
214 Steffen et al. 2014 NH4, NO3, PO4 Microcystin Multiple Multiple Temperate 
215 Su et al. 2014 TDP Density Oscillatoria sp. Homocyted Temperate 
216 Su et al. 2015 TN, TDN, NH4, 
NO3, NO2, TP, TDP 
Density, Microcystin Multiple Multiple Subtropical 
217 Szczukocki et al. 2015 NH4, NO3, NO2, 
PO4 
Anatoxin, Microcystin Multiple Multiple Temperate 
218 Takano et al. 2003 TN, TP Density Phormidium tenue Homocyted Temperate 
219 Tan et al. 2012 PO4 Chlorophyll-a Microcystis aeruginosa Unicellular/Colonial Subtropical 
220 Taranu et al. 2012 TN, TP Biomass Multiple Multiple Temperate 
221 Te & Gin 2011 TN, TP Density, Microcystin Microcystis spp. Unicellular/Colonial  Tropical 
222 Thacker & Paul 2001 NO3, PO4 Density Multiple Multiple Tropical 
223 Thackeray et al. 2013 TP Chlorophyll-a Multiple Multiple Temperate 
224 Thomas and Litchman 
2016 
NO3 Growth rate Cylindrospermopsis raciborskii, Dolichospermum 
flos-aquae 
Heterocyted Temperate 
225 Tian et al. 2012 TN, TP Density Multiple Multiple Temperate 
226 Tonetta et al. 2013 NH4, NO3, NO2, 
PO4 
Density Multiple Multiple Subtropical 
227 Tonetta et al. 2015 TN Biovolume Cylindrospermopsis raciborskii Heterocyted Subtropical 
228 Touchette et al. 2007 TP Density Multiple Multiple Temperate 
229 Tripathi et al. 2013 PO4 Growth rate Aphanothece halophytica Unicellular/Colonial Temperate 
230 Vahtera et al. 2007 PO4 Growth rate Multiple Multiple Temperate 
231 Van der grinten et al. 2004 NO3 Chlorophyll-a Multiple Multiple Temperate 
232 Vazquez et al. 2005 NH4, NO3, TP, PO4 Dominance Multiple Multiple Tropical 
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233 Vezie et al. 2002 NH4 Biomass, Microcystin Microcystis sp. Unicellular/Colonial  Temperate 
234 Vis et al. 2008 NH4, TP, TDP Dominance Multiple Multiple Temperate 
235 Waajen et al. 2016 TP Biovolume Multiple Multiple Temperate 
236 Wang et al. 2011 NO3 Density Microcystis aeruginosa Unicellular/Colonial Subtropical 
237 Wang et al. 2014 DIN, DIP Density Multiple Multiple Subtropical 
238 Wasmund 1997 DIN, PO4 Biomass Noduluria spumigena Heterocyted Temperate 
239 Watson et al. 1997 TP Biomass Multiple Multiple Temperate 
240 Wielgat-Rychert et al. 
2015 
TN, NO3, TP, PO4 Biovolume Multiple Multiple Temperate 
241 Wilhelm et al. 2011 TN, TP Density, Microcystin Microcystis sp. Unicellular/Colonial  Subtropical 
242 Willen 2001 TP Biovolume Multiple Multiple Temperate 
243 Willis et al. 2015 NH4, PO4 Growth rate Cylindrospermopsis raciborskii Heterocyted Subtropical 
244 Wojciechowski & Padial 
2015 
NH4, NO3, NO2, 
TP, PO4 
Density Multiple Multiple Subtropical 
245 Wood et al. 2010 NH4, NO3 Density Dolichospermum planctonicum Heterocyted Temperate 
246 Wu et al. 2006 TN, NH4, NO3, 
NO2, NO3+NO2, 
PO4 
Biomass, Microcystin Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Subtropical 
247 Wu et al. 2012 PO4 Growth rate Cylindrospermopsis raciborskii Heterocyted Subtropical 
248 Wu et al. 2015 NH4, PO4 Density, Growth rate Microcystis aeruginosa, Multiple Unicellular/Colonial, 
Multiple 
Tropical 
249 Wu et al. 2016 TN, TDP, PO4 Density Microcystis sp. Unicellular/Colonial  Subtropical 
250 Wyman & Fay 1986 NO3 Density Gloeotrichia echinulata Homocyted Temperate 
251 Xenopoulos & Frost 2003 TDP Biomass Planktolyngbya limnetica Homocyted Temperate 
252 Xie et al. 2012 NO3, TP Biomass, Microcystin Planktothrix agardhii, Multiple Homocyted, 
Multiple 
Temperate 
253 Xu et al. 2010 TN, TP Dominance Microcystis spp. Unicellular/Colonial  Subtropical 
254 Xu et al. 2010ª TN, NH4, NO3, 
NO2, TP, PO4 
Density, Dominance Microcystis sp., Multiple Unicellular/Colonial, 
Multiple 
Subtropical 
255 Xu et al. 2013 NH4, NO3, NO2, 
TDP, DIP 
Microcystin Microcystis spp. Unicellular/Colonial   Subtropical 
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256 Yamamoto & Shiah 2012 TN, TP Biovolume Multiple Multiple Subtropical 
257 Yamamoto 2009 NH4, NO2, TP Density Microcystis aeruginosa Unicellular/Colonial  Subtropical 
258 Yamamoto 2009ª DIN, PO4 Biovolume Aphanizomenon flos-aquae Heterocyted Temperate 
259 Yang et al. 2012 NO3 Density Microcystis aeruginosa Unicellular/Colonial Subtropical 
260 Yang et al. 2014 PO4 Chlorophyll-a Microcystis aeruginosa Unicellular/Colonial Subtropical 
261 Yang et al. 2016 TDN, TDP Microcystin Microcystis aeruginosa Unicellular/Colonial  Subtropical 
262 Yang et al. 2016ª TP, TDP Biomass, Microcystin Multiple Multiple Subtropical 
263 Yang et al. 2016b TDN Microcystin Multiple Multiple Subtropical 
264 Ye et al. 2014 TN, NH4, NO3, TP, 
TDP 
Microcystin Microcystis sp. Unicellular/Colonial  Subtropical 
265 Youngsteadt 2005 TP Density Multiple Multiple Temperate 
266 Yu et al. 2014 TN, TDN, NH4, 
NO3, TP 
Biomass, Density Microcystis aeruginosa Unicellular/Colonial  Subtropical 
267 Yu et al. 2014 TN, TDN, NH4, 
NO3, TP 
Microcystin Microcystis aeruginosa Unicellular/Colonial  Subtropical 
268 Yue et al. 2014 TP Growth rate Microcystis sp. Unicellular/Colonial Subtropical 
269 Yue et al. 2015 PO4 Density Microcystis aeruginosa Unicellular/Colonial Subtropical 
270 Zebek 2013 PO4 Density, Biomass Limnothrix redekei, Multiple Homocyted, 
Multiple 
Temperate 
271 Zebek 2015 TN Biomass Multiple Multiple Temperate 
272 Zhang et al. 2009 TN, TDN, NO3, TP, 
PO4 
Density Multiple Multiple Subtropical 
273 Zhang et al. 2014 NH4, NO3, PO4 Density Multiple Multiple Subtropical 
274 Zhang et al. 2014a TP Density Multiple Multiple Temperate 
275 Zhang et al. 2015 TN, NH4, NO3, 
NO2, TP 
Biomass, Microcystin Microcystis sp. Unicellular/Colonial  Subtropical 
276 Zhang et al. 2016 NH4, NO3, NO2, 
TP, PO4 
Phycocyanin, Biomass Multiple Multiple Subtropical 
277 Zhao & Quigg 2014 NO3, DOP, PO4 Chlorophyll-a Multiple Multiple Subtropical 
278 Zhao et al. 2016 PO4 Biomass Synechococcus sp. Unicellular/Colonial Temperate 
279 Zhu et al. 2015 TDN, TDP Density Microcystis sp. Unicellular/Colonial  Subtropical 
161 
 
Table S2. Effects sizes of nutrients enrichments on Cyanobacterial growth, 95% interval 
of confidence (lower and higher), and number of studies for each predictor used in our 
analysis: Species identity, geographical region, mode of life, form of nutrients, and type 
of study. 
Predictor Cyanobacterial Growth 
Species identity Effect size Lower Higher N 
Nostoc muscorum 8.4548 7.2171 10.9825 0.346574 
Arthrospira platensis 8.0917 6.1563 20.8293 0.549306 
Crocosphaera watsonii 6.6791 5.0667 21.7256 0.346574 
Gloeotrichia echinulata 4.7200 3.1235 8.0032 0.549306 
Aphanizomenon issatschenkoi 4.0808 2.3493 8.1116 1.282475 
Aphanizomenon aphanizomenoides 3.3543 2.7140 4.121 1.666102 
Aphanothece halophytica 3.1911 2.1123 10.2205 0.346574 
Aphanizomenon gracile 3.0418 1.8294 4.6648 1.522261 
Nostoc carneum 2.7518 1.5113 4.78 0.804719 
Planktothrix rubescens 2.7461 1.6978 5.1256 0.346574 
Phormidium autumnale 2.5707 1.8082 3.8212 0.693147 
Phormidium sp. 2.4357 2.0378 3.1627 0.693147 
Aphanizomenon sp. 2.4053 1.4444 3.3179 0.549306 
Dolichospermum sp. 2.1195 0.7609 5.0811 1.319529 
Synechococcus sp. 1.7425 0.8665 5.2407 0.693147 
Lyngbya majuscula 1.5206 0.7584 3.0608 1.242453 
Microcystis aeruginosa 1.4790 1.0858 1.9295 2.463627 
Nostoc sp. 1.3801 0.5715 2.5436 0.346574 
Synechocystis salina 1.2764 0.7824 2.0072 1.039721 
Nodularia sp. 1.1534 0.4763 2.0269 0.804719 
Cylindrospermopsis raciborskii 0.9529 0.5728 1.3976 2.003667 
Limnothrix redekei 0.8653 0.8278 0.9075 0.346574 
Planktothrix agardhii 0.7590 -0.4065 3.2789 1.039721 
Dolichospermum flos-aquae 0.5578 -1.2874 9.4525 1.098612 
Sphaerocavum brasiliense 0.5537 0.3678 0.7696 0.804719 
Microcystis sp. 0.5316 0.2980 0.8081 2.372466 
Multiple 0.3864 0.2877 0.4909 3.113268 
Oscillatoria sp. 0.3644 -0.8418 1.5939 0.804719 
Aphanizomenon flos-aquae 0.3391 0.0116 0.6519 1.198948 
Trichodesmium sp. 0.2988 -0.1905 2.968 0.549306 
Lyngbya sp. -0.0356 -0.0883 0.017 0.346574 
Planktolyngbya limnetica -0.2151 -0.4404 0.1108 0.549306 
Dolichospermum planctonicum -0.5222 -0.7343 -0.3133 0.346574 
Noduluria spumigena -0.5880 -0.8310 -0.3534 0.346574 
Picocyanobacteria -0.7294 -0.9333 -0.5707 0.549306 
Phormidium tenue -0.9261 -0.9934 -0.8597 0.346574 
Geographical region 
Global 0.9883 0.5789 1.3696 0.89588 
Temperate 0.8915 0.7747 1.0192 3.184094 
Tropical 0.5851 0.2954 0.8999 2.221326 
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Subtropical 0.3509 0.2243 0.4838 2.917405 
Mode of life 
Heterocyted 1.4749 1.208 1.775 2.610178 
Unicellular/Colonial 0.8749 0.6785 1.0658 2.836662 
Homocyted 0.7237 0.3341 1.1611 2.117053 
Multiple 0.4211 0.3253 0.5263 3.077429 
Form of nutrient 
PO4 1.2782 1.0753 1.5104 2.838377 
TP 0.9354 0.7718 1.0997 2.623512 
TN 0.602 0.3872 0.8237 2.44892 
NO3 0.4662 0.2349 0.7156 2.576646 
NH4 0.259 0.0507 0.472 2.354765 
DON 0.2518 -0.0774 0.6459 0.972955 
TDP 0.2428 -0.1795 0.7643 1.445186 
DIP 0.2404 -0.5974 1.0917 1.242453 
NO3+NH4 0.1053 0.0908 0.1199 0.346574 
TDN 0.0211 -0.5709 0.8653 1.354025 
NO3+NO2 0.0008 -0.7214 1.0185 1.354025 
DOP 0 -0.4165 0.4883 0.693147 
NO2 -0.1096 -0.355 0.1073 1.319529 
DIN -0.3092 -0.6736 0.0005 1.567747 
NOx -1.013 -2.4837 -0.4107 0.549306 
Type of study 
Experimental 1.7476 1.5441 1.9717 2.977919 




Table S3. Effects sizes of nutrients enrichments on secondary metabolites production, 
95% interval of confidence (lower and higher), and number of studies for each predictor 
used in our analysis: Species identity, geographical region, mode of life, form of 
nutrients, type of study, and secondary metabolite.  
Predictor Secondary metabolites 
Species identity Effect size Lower Higher N 
Dolichospermum sp. 5.7110 4.1514 9.3847 1.1989 
Aphanizomenon sp. 2.0072 -0.2894 17.1925 0.5493 
Planktothrix agardhii 1.5506 0.5547 2.7610 0.8047 
Microcystis sp. -0.0431 -0.1040 0.0259 2.4260 
Microcystis aeruginosa -0.1610 -0.9083 0.4733 2.0388 
Aphanizomenon issatschenkoi -0.5378 -1.5777 0.3685 0.3466 
Multiple -2.0207 -3.3841 0.0690 2.1910 
Geographical region 
Temperate 0.7660 0.2044 1.4084 2.4636 
Subtropical -0.0255 -0.0591 0.0020 2.4452 
Tropical -1.0968 -3.3940 1.5955 1.4166 
Mode of life 
Heterocyted 3.0821 1.4371 6.1674 1.3863 
Homocyted 1.5946 0.5676 2.6593 0.8047 
Unicellular/Colonial -0.1084 -0.6467 0.4593 2.6156 
Multiple -1.5491 -2.9867 0.0613 2.1910 
Form of nutrient 
NH4 1.9082 0.5779 3.0347 1.8921 
PO4 1.3742 0.3537 2.9928 1.8188 
NO3 0.8653 0.0678 1.7992 1.8806 
DIN 0.3405 -0.4277 0.9071 0.3466 
NO2 0.1659 -0.0929 0.4795 1.1513 
TDN -0.0054 -0.0432 0.0286 1.3540 
TDP -0.0563 -0.0949 -0.0179 1.4452 
DIP -0.0645 -0.1160 -0.0519 0.5493 
TP -1.0314 -2.1636 0.1973 2.1313 
TN -1.3688 -3.0249 -0.0121 1.8688 
Type of study 
Experimental 0.9953 0.2181 1.8257 1.9033 
Field survey -0.5624 -1.2641 0.0155 2.7465 
Secondary metabolite 
Geosmin 6.9051 5.0260 10.8264 1.1989 
Cylindrospermopsin 3.5735 -0.2894 17.1925 0.5493 
Intracellular microcystin 1.2249 -0.0273 1.8779 1.7918 
Saxitoxin 0.0323 -0.1848 0.1315 0.5493 
Extracellular microcystin 0.0007 -0.0234 0.0246 1.5677 
Anatoxin -0.2428 -1.0583 0.4061 0.8959 
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PRESENTATION OF MANUSCRIPTS 
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references and tables (see guidelines below). Additional files may be created for each figure. 
Microsoft Office 2007/2010 file formats (i.e. .docx, .xlsx etc.) are acceptable on S1M. 
Please leave the right-hand margin unjustified; Turn the hyphenation option off; Use tabs, not 
spaces to separate data in tables 
 
(a) Title page. This should include the title, list of authors names, institute or laboratory of origin, 
name, postal address and email address of the author to whom proofs should be sent, an 
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literature searching and each normally comprising not more than two words. 
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about 3% of the length of the text, and in any case to not more than 500 words. This should 
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intelligible without reference to the main text. 
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essential background information but should not include either the results or conclusions. 
(d) Methods. This should be concise but provide sufficient details to allow the work to be 
repeated. Product and manufacturer names: Where specific named materials/products are 
mentioned or named equipment used (including software packages), these should be identified 
by their manufacturer, followed by the manufacturer’s location (e.g. town, state, country), or a 
source reference should be given if a standard or replicated procedure is being followed. 
(e) Results. This should not include material appropriate to the Discussion. 
(f) Discussion. This should highlight the significance of the results and place them in the context 




(j) Figure legends. 
(k) Illustrations. The original drawings should not be sent until the Editor requests them. 
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references, excepting Figs and Tables). 
 
REFERENCES 
In the text, references should be made by giving the author's name with the year of publication, 
with one or both in parentheses. Thus, ‘Smith (2002) found that...’ OR ‘Fish were found mainly 
in deep water (Smith, 2002)’. The same style is used for two-author papers. When reference is 
made to a work by three authors, all names should be given when cited for the first time and 
thereafter using only the first name and adding "et al.". For four or more authors, the first name 
followed by "et al." should be used on all occasions. If several papers by the same author(s) and 
from the same year are cited -- a, b, c, etc., should be put after the year of publication. In the 
reference list, provide all authors for papers with six and fewer authors. For papers with more 
than six authors, list the first six authors followed by "et al.". References should be listed in 
alphabetical order at the end of the paper in the following standard form: 
Avise J.C. (1994a) Molecular Markers, Natural History and Evolution. Chapman & Hall, New 
York. 
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Titles of journals should not be abbreviated. Unpublished material, except for PhD theses, 
should not be included among the references, but should be cited as 'X. Xxxxx, unpubl. data' in 
the text. 
 
TABLES, FIGURES AND ILLUSTRATIONS 
Tables should be numbered consecutively with Arabic numerals with a fully informative caption 
as a heading. Column headings should be brief, with units of measurement in parentheses. 
Vertical lines should not be used to separate columns. Electronic tables should be provided in 
an editable format (.rtf or .doc). All illustrations (including photographs) are classified as figures 
and should be numbered consecutively. 
Authors should submit artwork electronically. Photographs should be saved at 300 d.p.i. in TIF 
format, or in JPG format with low compression. Line figures should preferably be submitted in 
vector graphics format, and either embedded as such in a Word document or saved in PDF or 
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600 d.p.i. (at the required print size) and saved in TIF (not JPG) format, or embedded as such in 
a Word document. Combination figures (e.g. with photographic and line/text content) should be 
prepared as for line figures. For help in preparing your figures please go to our Electronic 
Artwork Information page here. 
In the full-text online edition of the journal, figure legends may be truncated in abbreviated links 
to the full screen version. Therefore the first 100 characters of any legend should inform the 
reader of key aspects of the figure. 
 
SUPPORTING INFORMATION 
Supporting Information can be published as web materials on the Freshwater Biology web site 
at the Editor's discretion. Note that if material is integral to the article it should be published as 
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ancillary information that is relevant to the parent article but which does not or cannot appear in 
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detailed versions of tables containing information of use to specialists but not necessary to 
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descriptions of complex models, worked examples of complex statistical procedures, etc. Where 
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Fig. S1 Total species richness in all the Paraná reservoirs in each sampling period from 
2005 to 2013.  
 
 
Fig. S2 Mean (±SE) of total species richness and Cyanobacterial density (cell mL-1) by 




Fig. S3 Rank-abundance plots of phytoplankton species in the Paraná reservoirs by 




Table S1.  Environmental variables presented as mean (minimum-maximum) by season from 2005 to 2013 in each reservoir of Paraná State.  
Abbreviations: Secchi = Secchi disk depth, Temp = Temperature, DO = Dissolved Oxygen, Cond = Conductivity, TP = Total Phosphorus, DIN = 
Dissolved Inorganic Nitrogen (ammonium + nitrate + nitrite), TN = Total Nitrogen, Chl-a = Chlorophyll-a. 
Reservoir Season Secchi Temp DO pH Cond TP TN DIN Chl-a 
  (m) (°C) (mg L-1)  (S m-1) (mg L-1) (mg L-1) (mg L-1) (µg L-1) 
Apucaraninha Summer 
1.1 
(0.5 - 2.2) 
25.5 
(19.6 - 27.2) 
6.4 
(5.0 - 7.3) 
7.3 
(6.8 - 7.7) 
35.0 
(31.0 - 39.0) 
0.03 
(0.01 - 0.05) 
1.14 
(0.50 - 3.60) 
0.22  
(0.17 - 0.33) 
7.1 




(0.6 - 2.0) 
19.4 
(16.4 - 22.2) 
6.9 
(5.4 - 8.4) 
7.2 
(7.0 - 7.5) 
31.3 
(28.0 - 34.0) 
0.02 
(0.01 - 0.04) 
0.93 
(0.50 - 1.70) 
0.30  
(0.15 - 0.53) 
4.6 




(0.5 - 2.2) 
18.5 
(17.1 - 20.6) 
7.3 
(5.3 - 8.4) 
7.2 
(6.6 - 7.4) 
32.4 
(30.0 - 36.0) 
0.02 
(0.01 - 0.04) 
1.09 
(0.50 - 1.80) 
0.15  
(0.11 - 0.21) 
3.5 




(0.3 - 2.4) 
25.6 
(22.7 - 28.5) 
6.2 
(5.2 - 7.3) 
7.3 
(6.5 - 7.7) 
37.1 
(31.0 - 47.0) 
0.04 
(0.01 - 0.09) 
1.11 
(0.50 - 2.30) 
0.22  
(0.13 - 0.34) 
4.9 
(1.9 - 7.3) 
Capivari Summer 
1.8 
(1.0 - 2.9) 
21.5 
(17.0 - 25.4) 
6.1 
(4.5 - 7.7) 
7.8 
(7.1 - 8.5) 
64.4 
(58.0 - 72.0) 
0.02 
(0.01 - 0.02) 
1.34 
(0.50 - 3.30) 
0.41  
(0.21 - 0.76) 
5.4 




(1.1 - 3.1) 
20.8 
(16.5 - 26.0) 
7.0 
(4.8 - 14.4) 
7.7 
(7.3 - 8.2) 
72.1 
(60.0 - 79.0) 
0.01 
(0.01 - 0.02) 
1.13 
(0.60 - 1.60) 
0.46  
(0.19 - 0.68) 
3.8 




(0.7 - 2.8) 
22.2 
(16.2 - 28.3) 
7.1 
(4.7 - 9.1) 
7.8 
(7.4 - 8.6) 
72.1 
(65.0 - 79.0) 
0.02 
(0.01 - 0.03) 
1.51 
(0.50 - 3.20) 
0.40  
(0.24 - 0.51) 
7.5 




(1.0 - 3.4) 
21.9 
(16.1 - 24.9) 
6.3 
(3.9 - 8.3) 
7.6 
(6.8 - 8.3) 
69.7 
(64.0 - 83.0) 
0.01 
(0.01 - 0.02) 
1.09 
(0.70 - 2.40) 
0.44  
(0.30 - 0.65) 
3.7 
(0.7 - 7.2) 
Cavernoso Summer 
1.0 
(0.3 - 2.3) 
21.4 
(15.3 - 25.8) 
7.8 
(6.0 - 10.3) 
7.7 
(7.2 - 8.3) 
34.9 
(30.0 - 41.0) 
0.03 
(0.01 - 0.07) 
1.17 
(0.60 - 2.40) 
0.41  
(0.13 - 1.23) 
1.2 




(0.2 - 3.5) 
19.8 
(14.9 - 24.7) 
7.8 
(5.8 - 9.1) 
7.5 
(7.2 - 7.7) 
42.6 
(28.0 - 55.0) 
0.04 
(0.01 - 0.13) 
0.81 
(0.50 - 2.00) 
0.86  
(0.28 - 3.20) 
2.5 




(0.1 - 2.0) 
21.4 
(14.1 - 26.6) 
7.8 
(5.8 - 9.7) 
7.6 
(7.2 - 8.6) 
38.1 
(31.0 - 50.0) 
0.05 
(0.01 - 0.19) 
0.97 
(0.60 - 1.30) 
0.40  
(0.23 - 0.63) 
1.6 




(0.1 - 2.9) 
20.5 
(11.7 - 25.0) 
7.3 
(6.3 - 8.8) 
7.7 
(7.3 - 8.0) 
38.4 
(29.0 - 51.0) 
0.04 
(0.01 - 0.09) 
1.27 
(0.50 - 3.60) 
0.38  
(0.19 - 0.63) 
1.6 
(0.4 - 2.6) 
Caxias I Summer 
2.3 
(0.9 - 5.0) 
23.1 
(17.3 - 28.0) 
7.8 
(4.7 - 12.0) 
7.4 
(7.0 - 7.7) 
44.3 
(38.0 - 54.0) 
0.02 
(0.01 - 0.03) 
1.85 
(0.50 - 4.60) 
0.60  
(0.50 - 0.73) 
2.5 




(1.3 - 4.6) 
23.1 
(19.1 - 28.3) 
7.5 
(6.0 - 9.0) 
7.4 
(7.0 - 7.7) 
41.4 
(37.0 - 45.0) 
0.01 
(0.01 - 0.02) 
1.41 
(1.10 - 2.00) 
0.85  
(0.65 - 1.16) 
2.5 






(0.9 - 3.3) 
23.6 
(18.2 - 30.2) 
8.0 
(6.6 - 10.2) 
7.3 
(6.8 - 7.6) 
46.7 
(40.0 - 52.0) 
0.02 
(0.01 - 0.03) 
1.36 
(1.00 - 2.30) 
0.71  
(0.57 - 0.89) 
2.7 




(0.5 - 4.2) 
23.6 
(17.8 - 27.6) 
7.9 
(6.3 - 9.0) 
7.6 
(7.1 - 8.2) 
48.0 
(40.0 - 56.0) 
0.02 
(0.01 - 0.04) 
1.49 
(0.90 - 2.40) 
0.78  
(0.61 - 0.91) 
3.1 
(1.0 - 4.6) 
Caxias II Summer 
2.7 
(1.2 - 5.0) 
23.7 
(18.0 - 28.5) 
7.8 
(5.0 - 11.7) 
7.6 
(7.0 - 8.5) 
45.7 
(43.0 - 52.0) 
0.02 
(0.01 - 0.02) 
1.52 
(0.60 - 3.80) 
0.61  
(0.42 - 0.82) 
2.8 




(1.4 - 4.5) 
23.6 
(19.1 - 28.8) 
7.2 
(5.9 - 8.5) 
7.5 
(6.9 - 8.3) 
41.7 
(36.0 - 48.0) 
0.01 
(0.01 - 0.02) 
1.10 
(0.60 - 1.90) 
0.75  
(0.32 - 1.20) 
3.5 




(1.6 - 3.9) 
24.5 
(20.0 - 30.4) 
7.6 
(6.9 - 9.0) 
7.6 
(7.1 - 8.7) 
45.4 
(40.0 - 51.0) 
0.01 
(0.01 - 0.02) 
1.41 
(1.00 - 2.70) 
0.73  
(0.54 - 0.90) 
3.6 




(0.7 - 4.9) 
23.8 
(17.7 - 28.0) 
7.7 
(6.7 - 9.2) 
7.7 
(7.2 - 8.4) 
48.7 
(46.0 - 54.0) 
0.01 
(0.01 - 0.03) 
1.20 
(1.00 - 1.40) 
0.74  
(0.60 - 0.93) 
3.8 
(0.9 - 10.0) 
Chopim Summer 
1.3 
(0.7 - 2.6) 
22.0 
(16.0 - 26.6) 
7.2 
(5.8 - 9.0) 
7.3 
(6.9 - 7.6) 
31.3 
(26.0 - 41.0) 
0.03 
(0.01 - 0.04) 
1.17 
(0.50 - 2.20) 
0.49  
(0.32 - 1.00) 
1.4 




(0.3 - 2.8) 
21.7 
(16.7 - 26.6) 
7.5 
(6.2 - 9.3) 
7.2 
(6.9 - 7.5) 
32.0 
(25.0 - 39.0) 
0.02 
(0.01 - 0.06) 
1.07 
(0.50 - 2.70) 
0.67  
(0.61 - 0.76) 
2.3 




(0.6 - 3.0) 
22.2 
(14.4 - 29.2) 
7.1 
(5.5 - 8.7) 
7.3 
(7.0 - 7.6) 
34.6 
(28.0 - 43.0) 
0.04 
(0.02 - 0.06) 
1.28 
(0.60 - 2.30) 
0.62  
(0.53 - 0.75) 
1.6 




(0.2 - 2.7) 
22.7 
(15.8 - 28.1) 
6.8 
(6.1 - 8.1) 
7.4 
(7.2 - 7.8) 
32.4 
(27.0 - 43.0) 
0.04 
(0.02 - 0.10) 
1.43 
(0.80 - 2.90) 
0.61  
(0.49 - 0.70) 
3.2 
(0.7 - 7.0) 
Guaricana Summer 
1.4 
(0.6 - 2.9) 
20.4 
(13.7 - 26.3) 
8.0 
(7.1 - 10.3) 
7.7 
(7.0 - 8.6) 
24.0 
(17.0 - 33.0) 
0.02 
(0.02 - 0.04) 
0.91 
(0.50 - 2.20) 
0.34  
(0.08 - 1.40) 
14.9 




(0.6 - 2.1) 
19.9 
(14.4 - 25.3) 
8.3 
(4.2 - 10.9) 
8.0 
(6.8 - 9.5) 
28.7 
(23.0 - 35.0) 
0.03 
(0.02 - 0.06) 
1.40 
(0.50 - 2.40) 
0.21  
(0.10 - 0.37) 
49.4 




(0.4 - 2.1) 
19.3 
(15.3 - 23.9) 
8.2 
(6.4 - 10.0) 
7.3 
(6.7 - 8.0) 
25.4 
(19.0 - 31.0) 
0.02 
(0.01 - 0.03) 
0.97 
(0.50 - 1.50) 
0.19  
(0.14 - 0.24) 
9.0 




(0.7 - 2.6) 
20.8 
(16.4 - 25.1) 
8.7 
(7.4 - 9.6) 
7.6 
(6.8 - 8.4) 
27.1 
(20.0 - 40.0) 
0.03 
(0.02 - 0.04) 
0.94 
(0.50 - 2.10) 
0.23  
(0.14 - 0.31) 
16.1 
(8.8 - 21.5) 
Jordão Summer 
1.5 
(0.5 - 3.5) 
21.6 
(16.1 - 26.3) 
7.4 
(5.4 - 8.8) 
7.2 
(7.0 - 7.6) 
27.8 
(22.0 - 32.0) 
0.02 
(0.01 - 0.04) 
1.40 
(0.50 - 2.70) 
0.50  
(0.35 - 0.75) 
3.4 




(0.3 - 2.8) 
20.9 
(15.7 - 26.8) 
7.6 
(6.2 - 8.8) 
7.2 
(6.9 - 7.7) 
33.3 
(23.0 - 45.0) 
0.02 
(0.01 - 0.07) 
0.96 
(0.50 - 1.40) 
0.51  
(0.44 - 0.74) 
3.8 




(0.6 - 2.5) 
20.8 
(15.1 - 25.1) 
7.6 
(4.6 - 9.4) 
6.9 
(6.2 - 7.7) 
27.6 
(24.0 - 33.0) 
0.02 
(0.01 - 0.03) 
0.84 
(0.50 - 1.40) 
0.47  
(0.14 - 0.64) 
2.7 




(1.0 - 3.3) 
20.3 
(15.0 - 25.9) 
7.8 
(6.6 - 9.8) 
7.2 
(6.5 - 7.5) 
27.9 
(21.0 - 31.0) 
0.02 
(0.01 - 0.03) 
1.16 
(0.70 - 2.00) 
0.49  
(0.37 - 0.61) 
2.3 





(0.2 - 1.2) 
20.8 
(12.3 - 27.2) 
7.1 
(5.0 - 8.2) 
7.3 
(7.0 - 7.5) 
35.7 
(28.0 - 46.0) 
0.04 
(0.03 - 0.06) 
1.69 
(1.10 - 2.50) 
1.31  
(0.66 - 3.16) 
1.2 




(0.1 - 0.6) 
19.3 
(12.8 - 24.9) 
8.4 
(7.5 - 9.2) 
7.1 
(7.1 - 7.3) 
38.4 
(27.0 - 50.0) 
0.09 
(0.03 - 0.20) 
2.50 
(1.20 - 5.00) 
1.28  
(0.61 - 2.83) 
1.7 




(0.1 - 1.2) 
20.1 
(14.3 - 24.2) 
7.0 
(5.0 - 8.7) 
7.3 
(7.2 - 7.6) 
36.6 
(25.0 - 46.0) 
0.08 
(0.01 - 0.29) 
2.09 
(0.80 - 4.00) 
0.78  
(0.64 - 0.96) 
1.2 




(0.2 - 0.9) 
21.1 
(16.8 - 26.0) 
7.9 
(6.4 - 9.0) 
7.2 
(7.0 - 7.5) 
37.0 
(27.0 - 45.0) 
0.07 
(0.03 - 0.14) 
1.81 
(1.00 - 3.50) 
0.80  
(0.63 - 1.11) 
1.3 
(0.6 - 2.6) 
Mourão Summer 
1.7 
(1.0 - 3.0) 
23.6 
(17.9 - 27.8) 
6.0 
(4.3 - 7.6) 
7.4 
(7.0 - 7.7) 
24.3 
(21.0 - 27.0) 
0.01 
(0.01 - 0.02) 
0.81 
(0.50 - 1.70) 
0.23  
(0.10 - 0.35) 
4.2 




(0.4 - 1.9) 
22.8 
(18.9 - 27.2) 
7.0 
(5.8 - 7.8) 
7.4 
(7.0 - 7.6) 
24.4 
(22.0 - 28.0) 
0.02 
(0.01 - 0.04) 
0.83 
(0.50 - 1.50) 
0.34  
(0.23 - 0.48) 
4.9 




(1.3 - 2.7) 
24.1 
(17.9 - 28.4) 
6.9 
(5.5 - 7.7) 
7.5 
(6.3 - 8.3) 
26.7 
(22.0 - 32.0) 
0.02 
(0.01 - 0.05) 
0.94 
(0.50 - 1.80) 
0.24  
(0.14 - 0.33) 
2.4 




(0.1 - 2.6) 
24.1 
(17.1 - 28.9) 
6.6 
(5.6 - 8.3) 
7.4 
(6.9 - 8.4) 
27.0 
(23.0 - 33.0) 
0.02 
(0.01 - 0.03) 
1.11 
(0.50 - 2.30) 
0.24  
(0.14 - 0.29) 
5.9 
(2.2 - 11.6) 
Pitangui Summer 
0.7 
(0.4 - 1.2) 
19.9 
(16.3 - 24.7) 
7.4 
(5.5 - 10.3) 
7.5 
(7.3 - 8.0) 
47.4 
(40.0 - 56.0) 
0.05 
(0.02 - 0.13) 
0.93 
(0.50 - 2.90) 
0.20 
(0.12 - 0.32) 
25.7 




(0.5 - 1.3) 
19.1 
(14.8 - 25.6) 
7.8 
(6.0 - 10.8) 
7.5 
(7.3 - 7.7) 
50.1 
(37.0 - 60.0) 
0.04 
(0.01 - 0.09) 
1.17 
(0.70 - 1.80) 
0.18  
(0.13 - 0.29) 
38.9 




(0.5 - 1.0) 
19.7 
(13.6 - 23.6) 
7.0 
(5.7 - 8.6) 
7.5 
(7.3 - 7.9) 
53.0 
(43.0 - 59.0) 
0.04 
(0.03 - 0.06) 
0.90 
(0.50 - 2.10) 
0.27  
(0.14 - 0.54) 
17.5 




(0.6 - 1.0) 
19.1 
(15.1 - 24.1) 
6.9 
(4.5 - 8.6) 
7.5 
(7.3 - 7.8) 
48.3 
(44.0 - 55.0) 
0.03 
(0.03 - 0.04) 
1.14 
(0.50 - 2.30) 
0.31  
(0.14 - 0.48) 
39.1 
(23.2 - 63.2) 
Rio dos Patos Summer 
0.4 
(0.2 - 0.5) 
18.9 
(13.3 - 24.0) 
7.1 
(5.3 - 8.8) 
7.2 
(6.9 - 7.4) 
43.0 
(32.0 - 58.0) 
0.07 
(0.05 - 0.11) 
1.61 
(0.70 - 2.40) 
0.95  
(0.45 - 2.02) 
0.8 




(0.1 - 1.3) 
19.2 
(14.3 - 27.0) 
7.3 
(4.8 - 8.5) 
7.2 
(6.9 - 7.5) 
57.7 
(33.0 - 87.0) 
0.11 
(0.04 - 0.33) 
1.74 
(0.70 - 3.50) 
0.90  
(0.49 - 1.58) 
10.5 




(0.1 - 0.6) 
18.7 
(14.3 - 25.0) 
7.3 
(5.2 - 8.5) 
7.0 
(6.6 - 7.3) 
46.2 
(26.0 - 68.0) 
0.14 
(0.04 - 0.44) 
2.19 
(0.50 - 3.90) 
0.78  
(0.65 - 1.07) 
1.9 




(0.4 - 1.2) 
19.6 
(13.3 - 24.5) 
7.6 
(5.7 - 9.2) 
7.2 
(6.8 - 7.6) 
44.4 
(35.0 - 52.0) 
0.05 
(0.04 - 0.07) 
1.36 
(0.60 - 2.10) 
0.83  
(0.18 - 1.08) 
1.6 
(0.1 - 3.7) 
Salto do Vaú Summer 
1.0 
(0.5 - 1.7) 
19.6 
(12.8 - 25.3) 
7.0 
(6.0 - 8.3) 
7.2 
(6.9 - 7.4) 
26.4 
(20.0 - 45.0) 
0.02 
(0.01 - 0.03) 
0.91 
(0.50 - 1.80) 
0.55  
(0.22 - 0.84) 
2.4 




(0.3 - 2.3) 
18.3 
(13.7 - 24.5) 
7.8 
(7.0 - 9.0) 
7.0 
(6.4 - 7.4) 
28.6 
(23.0 - 37.0) 
0.04 
(0.01 - 0.13) 
1.24 
(0.70 - 2.40) 
0.50  
(0.41 - 0.56) 
6.5 






(0.7 - 1.3) 
18.5 
(13.0 - 21.9) 
7.4 
(6.1 - 10.5) 
7.0 
(6.6 - 7.2) 
24.4 
(21.0 - 30.0) 
0.03 
(0.02 - 0.04) 
1.00 
(0.50 - 1.90) 
0.43  
(0.26 - 0.66) 
1.5 




(0.6 - 2.1) 
18.8 
(12.6 - 22.5) 
7.1 
(5.8 - 8.1) 
7.0 
(6.8 - 7.5) 
23.4 
(20.0 - 26.0) 
0.02 
(0.02 - 0.03) 
1.21 
(0.60 - 2.10) 
0.42  
(0.35 - 0.52) 
0.9 
(0.1 - 1.4) 
São Jorge Summer 
0.8 
(0.6 - 1.3) 
20.6 
(15.9 - 25.5) 
7.4 
(6.4 - 8.3) 
7.9 
(7.4 - 8.7) 
51.2 
(43.0 - 63.0) 
0.04 
(0.02 - 0.07) 
0.89 
(0.50 - 1.60) 
0.14  
(0.10 - 0.28) 
41.2 




(0.5 - 1.4) 
20.0 
(15.3 - 26.9) 
8.0 
(6.2 - 10.5) 
8.1 
(7.0 - 9.3) 
51.7 
(39.0 - 63.0) 
0.03 
(0.02 - 0.04) 
1.20 
(0.50 - 1.70) 
0.14  
(0.10 - 0.16) 
45.7 




(0.6 - 1.1) 
20.7 
(13.7 - 26.0) 
6.8 
(5.8 - 7.5) 
7.7 
(7.2 - 8.2) 
53.6 
(44.0 - 64.0) 
0.04 
(0.02 - 0.04) 
0.72 
(0.03 - 1.60) 
0.19  
(0.14 - 0.35) 
23.2 




(0.5 - 1.0) 
19.8 
(15.3 - 24.6) 
7.5 
(6.1 - 9.4) 
7.8 
(7.3 - 8.3) 
50.7 
(45.0 - 57.0) 
0.03 
(0.03 - 0.03) 
1.11 
(0.70 - 1.90) 
0.28  
(0.14 - 0.48) 
53.6 
(32.5 - 83.9) 
Segredo I Summer 
1.4 
(0.6 - 3.2) 
20.7 
(16.6 - 25.5) 
6.2 
(4.2 - 7.5) 
7.2 
(6.8 - 7.5) 
47.7 
(38.0 - 60.0) 
0.03 
(0.01 - 0.07) 
1.03 
(0.80 - 1.40) 
0.85  
(0.57 - 1.66) 
4.2 




(0.8 - 2.6) 
20.6 
(15.6 - 24.9) 
6.6 
(5.3 - 8.6) 
7.2 
(6.7 - 8.4) 
48.6 
(34.0 - 63.0) 
0.02 
(0.01 - 0.03) 
1.66 
(0.80 - 2.70) 
1.04  
(0.80 - 1.56) 
5.7 




(0.7 - 1.6) 
20.1 
(16.3 - 24.3) 
7.1 
(5.5 - 9.9) 
7.1 
(6.4 - 7.7) 
50.0 
(35.0 - 59.0) 
0.03 
(0.01 - 0.06) 
1.72 
(1.20 - 3.10) 
0.83  
(0.60 - 1.04) 
3.2 




(0.8 - 2.3) 
19.8 
(16.2 - 25.2) 
6.6 
(5.4 - 8.1) 
7.2 
(7.0 - 7.4) 
52.4 
(35.0 - 59.0) 
0.02 
(0.01 - 0.03) 
1.54 
(0.90 - 2.10) 
0.80  
(0.58 - 0.97) 
4.7 
(1.8 - 15.2) 
Segredo II Summer 
2.0 
(0.8 - 4.3) 
21.7 
(17.8 - 26.8) 
7.2 
(5.1 - 11.3) 
7.6 
(6.7 - 8.6) 
45.6 
(35.0 - 57.0) 
0.02 
(0.01 - 0.04) 
1.16 
(0.90 - 1.70) 
0.63  
(0.38 - 0.91) 
6.3 




(1.4 - 3.6) 
21.5 
(16.7 - 25.0) 
7.1 
(6.4 - 7.8) 
7.3 
(7.0 - 7.7) 
45.6 
(31.0 - 55.0) 
0.01 
(0.01 - 0.02) 
1.09 
(0.80 - 1.80) 
0.90  
(0.60 - 1.33) 
5.1 




(0.7 - 2.3) 
22.0 
(16.5 - 26.7) 
7.7 
(6.6 - 8.6) 
7.2 
(6.6 - 7.9) 
46.2 
(30.0 - 54.0) 
0.03 
(0.01 - 0.05) 
1.86 
(0.90 - 2.80) 
0.69  
(0.41 - 0.86) 
3.5 




(1.0 - 3.2) 
22.0 
(17.0 - 26.6) 
7.2 
(5.7 - 8.4) 
7.7 
(7.1 - 9.5) 
48.6 
(37.0 - 56.0) 
0.02 
(0.01 - 0.03) 
1.54 
(0.60 - 2.50) 
0.71  
(0.56 - 1.03) 
4.4 
(2.8 - 6.2) 
Vossoroca Summer 
1.8 
(1.3 - 2.8) 
21.8 
(14.8 - 28.2) 
7.3 
(6.6 - 8.2) 
7.9 
(7.4 - 8.5) 
41.6 
(30.0 - 53.0) 
0.02 
(0.01 - 0.04) 
0.83 
(0.50 - 1.50) 
0.22  
(0.12 - 0.31) 
8.1 




(1.4 - 2.3) 
20.1 
(15.1 - 26.1) 
7.3 
(4.9 - 8.4) 
7.6 
(7.0 - 8.6) 
45.6 
(37.0 - 54.0) 
0.02 
(0.01 - 0.02) 
0.99 
(0.50 - 1.90) 
0.21  
(0.11 - 0.31) 
8.3 




(1.3 - 2.7) 
19.9 
(15.2 - 25.3) 
7.0 
(6.4 - 7.6) 
7.5 
(7.3 - 7.8) 
40.5 
(37.0 - 43.0) 
0.02 
(0.01 - 0.03) 
1.12 
(0.50 - 2.20) 
0.21  
(0.14 - 0.33) 
8.0 




(1.5 - 2.5) 
21.0 
(16.5 - 25.3) 
6.6 
(5.7 - 7.7) 
7.5 
(7.2 - 7.9) 
44.7 
(35.0 - 53.0) 
0.02 
(0.01 - 0.02) 
0.81 
(0.50 - 1.60) 
0.22  
(0.15 - 0.28) 
8.5 
(5.3 - 14.5) 
172 
 
Table S2. Summary of the 21 models for phytoplankton beta diversity components 
(Sørensen, turnover, and nestedness), including the explanatory variables of each model, 
ordered by Akaike (AIC). Variables with significant coefficients are highlighted in bold 
(see Table 1 in the main text). Abbreviations: EH = environmental heterogeneity; cyano 
= Cyanobacterial abundance; ins = total insolation; NH4 = ammonium; NP = TN:TP 







AIC ∆ w 
Sørensen 1 
 
time EH cyano ins NH4  




time EH cyano prec NH4  




time EH cyano ins NO3  




time EH cyano prec NO3  




time EH cyano wtemp NH4  




time EH cyano wtemp NO3  




time EH cyano wtemp TP 
 




time EH cyano prec Secchi 
 




time EH cyano ins DIN 
 




time EH cyano ins TP 
 




time EH cyano ins Chl-a 
 
-146.35 7.01 0.014 




time EH cyano prec Chl-a 
 




time EH cyano ins TN 
 




time EH cyano ins Secchi 
 
-146.04 7.32 0.012 




time EH cyano prec DIN 
 




time EH cyano prec TP 
 




time EH cyano prec TN 
 




time EH cyano wtemp DIN 
 




time EH cyano wtemp TN 
 
-145.05 8.31 0.007 




time EH cyano wtemp Chl-a 
 




time EH cyano wtemp Secchi 
 
-144.46 8.90 0.006 
 
 




time EH cyano prec NH4 
 




time EH cyano ins NH4 
 




time EH cyano wtemp NH4 
 




time EH cyano wtemp NO3 
 




time EH cyano ins NO3 
 




time EH cyano prec NO3 
 




time EH cyano wtemp TP 
 




time EH cyano prec Secchi 
 




time EH cyano prec Chl-a  
 




time EH cyano wtemp Chl-a  
 




time EH cyano wtemp DIN 
 
-101.25 8.53 0.005 




time EH cyano prec DIN 
 






time EH cyano ins Chl-a 
 




time EH cyano prec TP 
 
-100.86 8.93 0.004 




time EH cyano ins DIN 
 




time EH cyano wtemp TN 
 




time EH cyano wtemp Secchi 
 




time EH cyano ins TP 
 




time EH cyano prec TN 
 




time EH cyano ins Secchi 
 
-100.55 9.24 0.003 




time EH cyano ins TN 
 
-100.45 9.33 0.003 
 
 




time EH cyano wtemp NH4 
 




time EH cyano ins NH4 
 




time EH cyano prec NH4 
 




time EH cyano wtemp NO3 
 




time EH cyano ins NO3 
 




time EH cyano prec NO3 
 




time EH cyano prec Secchi 
 




time EH cyano prec Chl-a  
 




time EH cyano wtemp Chl-a  
 




time EH cyano ins Chl-a  
 




time EH cyano wtemp Secchi 
 




time EH cyano wtemp DIN 
 
-113.78 8.12 0.006 




time EH cyano wtemp TP 
 




time EH cyano wtemp TN 
 




time EH cyano ins Secchi 
 




time EH cyano ins TN 
 




time EH cyano prec TN 
 




time EH cyano prec TP 
 




time EH cyano prec DIN 
 




time EH cyano ins DIN 
 
-113.32 8.59 0.005 
 22  time EH cyano ins NP  -113.30 8.60 0.005 




time EH cyano ins TP 
 




Table S3. EMS results for each period from 2005 to 2013. Results were based on the fixed-proportional (r1) null model and the first reciprocal 
averaging axis. Abbreviations: EAbs = embedded absences; P = probability; mean = mean value for the null model; sd = standard deviation value 
for the null distribution; Rep = replacements; Mo = Morista index; df = degrees of freedom. Significant results (≤ 0.05) are in bold. 
   Coherence  Turnover  Boundary clumping  Metacommunity 
structure Year Season  EAbs P mean sd  Rep P mean sd  Mo P df  
2005 Fall  630 0.005 772 51  25267 0.264 18918 5687  2.01 0.013 82  Quasi-Clementsian 
Winter  686 < 0.001 979 68  13081 0.076 29608 9303  6.14 < 0.001 104  Quasi-Nested 
Spring  417 < 0.001 804 51  40802 0.005 21338 6975  1.58 0.091 86  Gleasonian 
2006 Summer  725 0.005 892 59  16422 0.572 20357 6972  7.28 < 0.001 94  Quasi-Nested 
Fall  699 0.001 871 54  33762 0.017 18689 6295  5.63 < 0.001 92  Clementsian 
Winter  479 < 0.001 779 49  41920 < 0.001 19126 5962  1.35 0.192 83  Gleasonian 
Spring  595 0.009 780 70  34005 0.158 22023 8488  1.28 0.262 92  Quasi-Gleasonian 
2007 Summer  960 < 0.001 1226 70  24070 0.703 28021 10350  3.08 < 0.001 133  Quasi-Nested 
Fall  1046 < 0.001 1537 91  112962 < 0.001 45358 17250  1.61 0.144 159  Gleasonian 
Winter  454 < 0.001 870 62  44826 0.019 25483 8281  2.49 0.001 94  Clementsian 
Spring  956 < 0.001 1404 80  34518 0.625 41229 13729  1.96 0.043 138  Quasi-Nested 
2008 Summer  932 < 0.001 1403 72  48412 0.364 37175 12380  2.24 0.015 138  Quasi-Clementsian 
Fall  1258 < 0.001 1565 85  54427 0.448 43232 14756  1.23 0.327 152  Quasi-Gleasonian 
Winter  900 < 0.001 1206 71  52061 0.245 37460 12551  1.01 0.477 124  Quasi-Gleasonian 
Spring  901 0.070 1098 109  39226 0.913 37530 15501  4.09 < 0.001 126  Random 
2009 Summer  1138 0.002 1366 74  47046 0.361 36197 11883  3.29 < 0.001 142  Quasi-Clementsian 
Fall  1149 < 0.001 1488 73  79010 < 0.001 36259 12010  2.35 0.011 145  Clementsian 
Winter  964 0.003 1159 66  9829 0.040 30743 10198  3.33 < 0.001 117  Nested 
Spring  1090 0.188 1183 70  18643 0.157 36682 12741  8.12 < 0.001 121  Random 
2010 Summer  1282 < 0.001 1692 92  52614 0.978 53133 19250  5.69 < 0.001 165  Quasi-Nested 
Fall  1368 < 0.001 1803 95  31785 0.352 47531 16937  4.56 < 0.001 173  Quasi-Nested 
Winter  1016 < 0.001 1463 75  66756 0.016 37132 12359  1.44 0.204 142  Gleasonian 
Spring  923 < 0.001 1213 67  46257 0.121 30812 9955  2.95 < 0.001 121  Quasi-Clementsian 
2011 Summer  1280 < 0.001 1687 85  123509 < 0.001 47158 15893  0.66 0.285 162  Gleasonian 
Fall  1030 < 0.001 1407 78  62460 0.031 35455 12523  5.85 < 0.001 157  Clementsian 
Winter  963 0.003 1153 65  54221 0.011 29124 9849  2.59 0.002 116  Clementsian 
Spring  967 0.040 1099 65  14875 0.143 28265 9144  9.80 < 0.001 112  Quasi-Nested 
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2012 Summer  1107 < 0.001 1548 84  51000 0.492 41027 14524  1.23 0.327 152  Quasi-Gleasonian 
Fall  1029 0.003 1239 71  49006 0.099 31623 10528  2.63 0.008 141  Quasi-Clementsian 
Winter  1100 0.011 1303 80  60086 0.233 43037 14306  2.94 0.001 141  Quasi-Clementsian 
Spring  944 0.045 1078 67  19872 0.392 27411 8804  4.03 < 0.001 116  Quasi-Nested 




Table S4. Taxa with major occurrence and their frequencies of occurrence (%) in 533 
phytoplankton samples taken from all the Paraná reservoirs from 2005 to 2013. Species 
with occurrence higher than 100 are shown.   
Taxa Class  Occurrence % 
Cryptomonas brasiliensis Cryptophyceae  436 82 
Rhodomonas lacustris Cryptophyceae  359 67 
Monoraphidium minutum Chlorophyceae  307 58 
Chlamydomonas sp. Chlorophyceae  299 56 
Aphanocapsa delicatissima Cyanobacteria  285 53 
Discostella stelligera Diatom  270 51 
Pedinomonas sp. Chlorophyceae  270 51 
Monoraphidium contortum Chlorophyceae  269 50 
Nephroselmis sp. Chlorophyceae  248 47 
Closteriopsis sp. Chlorophyceae  161 30 
Eutetramorus fottii Chlorophyceae  159 30 
Cryptomonas sp. Cryptophyceae  145 27 
Scenedesmus sp. Chlorophyceae  139 26 
Urosolenia eriensis Diatom  134 25 
Mallomonas sp. Chrysophyceae  133 25 
Chromulina gyrans Chrysophyceae  126 24 
Fragilaria capucina Diatom  107 20 
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Table S1. Phytoplankton species recorded in the samples of Paraná reservoirs between 2005 
and 2013, showing their frequency (Freq, %) of occurrence in samples, and identification of the 
functional group in which they were classified. Total number of samples = 533. Only 
frequencies ≥ 10% are shown. 
Phytoplankton species  
Groups 
Freq I II III IV V VI VII 
Cryptomonas brasiliensis 82 
    
x 
  
Rhodomonas lacustris 67 
    
x 
  
Monoraphidium minutum 57 
   
x 
   
Chlamydomonas sp2 56 
    
x 
  
Aphanocapsa delicatissima 53 
      
x 
Discostella stelligera 50 
     
x 
 
Pedinomonas sp. 50 
    
x 
  
Monoraphidium contortum 50 
   
x 
   
Nephroselmis sp. 46 
    
x 
  
Closteriopsis sp. 30 
   
x 
   
Eutetramorus fottii 30 
      
x 
Cryptomonas sp2 27 
    
x 
  
Scenedesmus sp2 26 
   
x 
   
Urosolenia eriensis 25 
     
x 
 
Mallomonas sp1 25 
 
X 
     
Chromulina gyrans 23 
 
X 
     
Fragilaria capucina var. gracilis 20 
     
x 
 
Nitzschia palea 19 
     
x 
 
Chlamydomonas sp3 18 
    
x 
  
Hyaloraphidium sp. 17 
   
x 
   
Peridinium sp1 17 
    
x 
  
Aulacoseira pusilla 16 
     
x 
 
Didymocystis sp. 16 x 
      
Dyctiosphaerium pulchellum 16 
      
x 
Rhodomonas minuta 16 
    
x 
  
Chlamydomonas sp4 16 
    
x 
  
Elakatothrix sp1 15 
      
x 
Merismopedia sp1 15 
      
x 
Eutetramorus sp. 14 
      
x 
Spicaticribra rudis 14 
     
x 
 
Chlamydomonas sp6 14 
    
x 
  
Cylindrospermopsis raciborskii 14 
  
x 
    
Monoraphidium circinale 14 
   
x 
   
Mallomonas akrokomos 13 
 
X 
     
Aulacoseira granulata 13 
     
x 
 
Oocystis lacustris 13 
      
x 
Urosolenia longiseta 13 
     
x 
 
Aulacoseira alpigena 12 
     
x 
 
Tetraselmis sp1 12 





Chrysamoeba sp. 12 
 
X 
     
Trachelomonas sp1 12 
    
x 
  
Euglena sp1 11 
    
x 
  
Aulacoseira ambigua 11 
     
x 
 
Aulacoseira granulata var. angustissima 11 
     
x 
 
Epigloeosphaera sp. 11 x 
      
Teilingia granulata 11 
   
x 
   
Trachelomonas sp2 11 
    
x 
  
Aulacoseira tenella 10 
     
x 
 
Chrysophyceae sp3 10 
 
X 
     
Pseudodidymocystis fina 10 x 
      
Rhizosolenia eriensis var. pusilla 10 






Table S2.  Mean (minimum-maximum) of environmental variables from 2005 to 2013 in each reservoir, with its corresponding latitude and longitude. Secchi 












































































































































































































































































































São Jorge -25º01’ -50º03’ 2.1 21.8 7.4 7.5 46.6 0.02 1.50 0.08 0.03 0.62 
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(0.7-4.3) (16.5-26.8) (5.1-11.4) (6.6-9.6) (30.0-57.0) (0.01-0.05) (0.60-3.60) (0.08-0.13) (0.01-0.03) (0.29-1.22) 


































































Table S3. Variance in phytoplankton species and functional groups composition explained by pure environmental (Env), pure spatial (Spa) and pure historical 
(His) variables. Data are shown for all periods (n = 31) from 2005 to 2013. Significant (P < 0.05) results are shown in bold. 
  Species  Functional groups  Group I  Group II  Group III  Group IV  Group V  Group VI  Group VII 
Year Season Env Spa His  Env Spa His  Env Spa His  Env Spa His  Env Spa His  Env Spa His  Env Spa His  Env Spa His  Env Spa His 
2005 Winter 0.00 0.00 0.00  0.00 0.00 0.00  0.38 0.00 0.00  0.00 0.00 0.00  0.18 0.00 0.00  0.00 0.00 0.00  0.00 0.01 0.00  0.00 0.02 0.04  0.00 0.03 0.00 
 
Spring 0.14 0.23 0.00  0.29 0.50 0.00  0.79 0.58 0.82  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.03 0.07  0.08 0.00 0.09  0.00 0.16 0.18  0.23 0.27 0.00 
2006 Summer 0.16 0.15 0.10  0.00 0.00 0.00  0.32 0.79 0.31  0.26 0.00 0.13  0.00 0.19 0.16  0.19 0.16 0.06  0.24 0.00 0.17  0.00 0.03 0.04  0.20 0.10 0.11 
 
Fall 0.00 0.06 0.06  0.00 0.27 0.03  0.36 0.22 0.00  0.00 0.28 0.20  0.10 0.56 0.08  0.00 0.00 0.02  0.00 0.09 0.07  0.00 0.00 0.00  0.00 0.27 0.30 
 
Winter 0.07 0.11 0.30  0.00 0.00 0.33  0.00 0.00 0.00  0.00 0.03 0.00  0.00 0.09 0.27  0.00 0.10 0.17  0.19 0.18 0.20  0.00 0.00 0.11  0.04 0.30 0.36 
 
Spring 0.16 0.12 0.28  0.10 0.09 0.37  0.12 0.13 0.75  0.26 0.47 0.39  0.00 0.00 0.00  0.07 0.15 0.25  0.29 0.05 0.02  0.11 0.05 0.09  0.21 0.04 0.19 
2007 Summer 0.33 0.21 0.34  0.37 0.56 0.32  0.25 0.23 0.54  0.00 0.00 0.16  0.41 0.12 0.40  0.03 0.04 0.06  0.14 0.15 0.24  0.13 0.17 0.20  0.48 0.25 0.45 
 
Fall 0.33 0.06 0.28  0.48 0.27 0.38  0.06 0.00 0.10  0.00 0.00 0.00  0.16 0.12 0.18  0.13 0.10 0.15  0.25 0.05 0.21  0.00 0.00 0.18  0.39 0.22 0.35 
 
Winter 0.00 0.02 0.15  0.00 0.12 0.21  0.00 0.00 0.00  0.06 0.24 0.07  0.02 0.06 0.12  0.11 0.12 0.15  0.11 0.07 0.26  0.00 0.00 0.00  0.00 0.00 0.39 
 
Spring 0.07 0.19 0.25  0.17 0.31 0.47  0.15 0.08 0.25  0.33 0.22 0.25  0.00 0.05 0.08  0.07 0.00 0.25  0.06 0.23 0.32  0.21 0.23 0.17  0.19 0.21 0.42 
2008 Summer 0.00 0.00 0.14  0.00 0.00 0.08  0.00 0.00 0.00  0.16 0.13 0.15  0.00 0.00 0.01  0.09 0.14 0.20  0.00 0.00 0.00  0.05 0.11 0.07  0.00 0.02 0.29 
 
Fall 0.05 0.12 0.20  0.04 0.18 0.38  0.00 0.00 0.00  0.10 0.01 0.02  0.15 0.07 0.37  0.00 0.00 0.00  0.16 0.11 0.07  0.00 0.00 0.13  0.00 0.16 0.17 
 
Winter 0.12 0.11 0.20  0.16 0.35 0.27  0.11 0.18 0.10  0.13 0.14 0.07  0.16 0.24 0.37  0.00 0.00 0.00  0.02 0.00 0.16  0.02 0.12 0.13  0.08 0.01 0.15 
 
Spring 0.09 0.14 0.22  0.16 0.10 0.12  0.00 0.00 0.10  0.13 0.31 0.15  0.46 0.38 0.45  0.00 0.15 0.13  0.08 0.00 0.31  0.00 0.00 0.01  0.31 0.40 0.32 
2009 Summer 0.08 0.09 0.05  0.00 0.00 0.06  0.00 0.47 0.00  0.33 0.57 0.13  0.38 0.47 0.69  0.17 0.20 0.19  0.03 0.06 0.05  0.01 0.05 0.09  0.00 0.00 0.00 
 
Fall 0.01 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.31 0.48 0.51  0.00 0.00 0.00  0.00 0.00 0.00  0.07 0.03 0.14  0.26 0.00 0.05 
 
Winter 0.09 0.09 0.20  0.08 0.11 0.29  0.51 0.28 0.34  0.01 0.12 0.17  0.34 0.07 0.24  0.00 0.00 0.00  0.04 0.07 0.17  0.09 0.00 0.09  0.32 0.28 0.19 
 
Spring 0.00 0.00 0.07  0.03 0.18 0.45  0.71 0.14 0.26  0.00 0.00 0.00  0.32 0.30 0.42  0.01 0.00 0.00  0.04 0.04 0.02  0.00 0.18 0.12  0.00 0.00 0.00 
2010 Summer 0.00 0.07 0.00  0.24 0.05 0.25  0.12 0.17 0.28  0.26 0.29 0.38  0.00 0.21 0.03  0.03 0.04 0.06  0.00 0.00 0.00  0.02 0.02 0.19  0.00 0.13 0.00 
 
Fall 0.00 0.00 0.07  0.00 0.00 0.21  0.00 0.00 0.00  0.00 0.00 0.00  0.13 0.03 0.13  0.00 0.00 0.02  0.00 0.00 0.00  0.12 0.09 0.18  0.12 0.00 0.16 
 
Winter 0.08 0.06 0.12  0.16 0.28 0.13  0.00 0.00 0.00  0.00 0.00 0.03  0.00 0.00 0.00  0.00 0.00 0.00  0.06 0.00 0.16  0.00 0.00 0.10  0.21 0.12 0.29 
 
Spring 0.01 0.11 0.18  0.00 0.00 0.34  0.39 0.30 0.51  0.00 0.00 0.00  0.27 0.33 0.46  0.04 0.11 0.16  0.06 0.04 0.18  0.00 0.05 0.14  0.10 0.18 0.16 




Fall 0.00 0.00 0.07  0.11 0.09 0.51  0.00 0.00 0.00  0.18 0.22 0.37  0.42 0.23 0.52  0.16 0.17 0.20  0.00 0.00 0.00  0.29 0.27 0.23  0.00 0.00 0.00 
 
Winter 0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.07 0.00  0.38 0.24 0.04  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.12 
 
Spring 0.15 0.11 0.12  0.01 0.06 0.15  0.12 0.22 0.12  0.08 0.11 0.03  0.00 0.00 0.00  0.07 0.07 0.13  0.16 0.00 0.06  0.05 0.00 0.02  0.02 0.13 0.00 
2012 Summer 0.09 0.02 0.11  0.00 0.16 0.35  0.43 0.19 0.30  0.00 0.00 0.26  0.00 0.00 0.01  0.08 0.11 0.13  0.00 0.00 0.05  0.00 0.00 0.00  0.08 0.00 0.00 
 
Fall 0.00 0.16 0.10  0.00 0.00 0.00  0.25 0.30 0.21  0.25 0.44 0.50  0.64 0.14 0.22  0.19 0.17 0.14  0.00 0.00 0.00  0.25 0.15 0.11  0.00 0.11 0.13 
 
Winter 0.00 0.01 0.11  0.11 0.14 0.46  0.31 0.19 0.07  0.15 0.40 0.29  0.15 0.00 0.00  0.00 0.00 0.09  0.12 0.00 0.09  0.05 0.06 0.23  0.00 0.03 0.03 
 
Spring 0.18 0.10 0.24  0.27 0.20 0.22  0.50 0.27 0.35  0.00 0.16 0.08  0.27 0.16 0.00  0.05 0.05 0.17  0.19 0.19 0.48  0.05 0.04 0.18  0.31 0.04 0.28 
2013 Summer 0.01 0.07 0.10  0.00 0.00 0.00  0.00 0.11 0.03  0.00 0.15 0.20  0.18 0.05 0.21  0.00 0.06 0.14  0.00 0.07 0.02  0.00 0.00 0.00  0.00 0.16 0.16 






Table S4. Differences, according to Wilcoxon tests, between explanations of phytoplankton 
species matrix and each functional matrix considering: the total adjusted R2 and the 




 Environmental adjusted 
coefficient 
V P-value 




Species x Functional groups 105 0.204 
Species x Group I 197 0.665  Species x Group I 96 0.045 
Species x Group II 290.5 0.117  Species x Group II 155 0.611 
Species x Group III 132.5 0.041  Species x Group III 104 0.014 
Species x Group IV 366.5 0.001  Species x Group IV 224 0.223 
Species x Group V 276 0.210  Species x Group V 120 0.594 
Species x Group VI 314 0.012  Species x Group VI 235 0.134 






Table S5. Summary of the 27 models used to explain the environmental fraction of the 
phytoplankton metacommunity variation in the Paraná State reservoirs, including the variables 
of each model, ordered by AIC. Abbreviations: EH = environmental heterogeneity; SR = 
species richness; PRE = precipitation; WT = water temperature; INS = total insolation; CYANO 






Coefficient SE t P 
Species #1 (-23.96/0.00) (Intercept) 0.074 0.014 5.179 0.000 
  
EH 0.028 0.017 1.702 0.101 
  
cyano 0.018 0.016 1.091 0.285 
  
SR 0.009 0.017 0.546 0.590 
  
ins 0.035 0.017 2.002 0.056 
 
#2 (-21.45/2.51) (Intercept) 0.072 0.019 3.793 0.001 
  
EH 0.017 0.018 0.956 0.348 
  
cyano 0.010 0.020 0.517 0.610 
  
SR -0.005 0.022 -0.231 0.819 
  
wt 0.003 0.023 0.153 0.879 
 
#3 (-20.92/3.04) (Intercept) 0.072 0.019 3.821 0.001 
  
EH 0.017 0.019 0.897 0.378 
  
cyano 0.013 0.019 0.680 0.502 
  
SR -0.004 0.018 -0.206 0.838 
  
prec 0.002 0.017 0.131 0.897 
Functional groups #1 (-2.60/0.00) (Intercept) 0.095 0.024 3.946 0.001 
  
EH 0.025 0.026 0.982 0.335 
  
cyano 0.016 0.028 0.554 0.584 
  
SR 0.040 0.030 1.349 0.189 
  
wt -0.022 0.032 -0.693 0.495 
 
#2 (-2.41/0.19) (Intercept) 0.095 0.023 4.141 0.000 
  
EH 0.026 0.025 1.026 0.314 
  
cyano 0.009 0.025 0.367 0.717 
  
SR 0.037 0.026 1.423 0.167 
  
ins 0.022 0.026 0.860 0.397 
 
#3 (-1.66/0.94) (Intercept) 0.095 0.024 3.933 0.001 
  
EH 0.023 0.027 0.847 0.405 
  
cyano 0.007 0.027 0.262 0.796 
  
SR 0.028 0.025 1.110 0.277 
  
prec 0.001 0.026 0.035 0.972 
Group I #1 (20.18/0.00) (Intercept) 0.188 0.059 3.213 0.004 
  
EH 0.056 0.039 1.459 0.157 
  
cyano -0.046 0.046 -1.003 0.325 
  
SR -0.089 0.052 -1.714 0.099 
  
wt 0.027 0.049 0.552 0.585 
 





EH 0.066 0.037 1.769 0.089 
  
cyano -0.023 0.043 -0.531 0.600 
  
SR -0.067 0.044 -1.519 0.141 
  
ins 0.030 0.037 0.802 0.430 
 
#3 (21.08/0.90) (Intercept) 0.188 0.059 3.204 0.004 
  
EH 0.058 0.041 1.394 0.175 
  
cyano -0.034 0.042 -0.812 0.424 
  
SR -0.074 0.044 -1.694 0.102 
  
prec 0.005 0.036 0.142 0.889 
Group II #1 (4.90/0.00) (Intercept) 0.179 0.036 4.952 0.000 
  
EH 0.025 0.032 0.798 0.432 
  
rich 0.006 0.035 0.183 0.856 
  
ins -0.063 0.032 -1.952 0.061 
 
#2 (6.69/1.79) (Intercept) 0.179 0.037 4.870 0.000 
  
EH 0.018 0.034 0.534 0.598 
  
rich 0.024 0.034 0.689 0.497 
  
prec 0.044 0.032 1.385 0.178 
 
#3 (8.11/3.21) (Intercept) 0.179 0.038 4.716 0.000 
  
EH 0.029 0.035 0.833 0.412 
  
rich 0.025 0.043 0.587 0.562 
  
wt 0.010 0.040 0.265 0.793 
Group III #1 (4.90/0.00) (Intercept) 0.179 0.036 4.952 0.000 
  
EH 0.025 0.032 0.798 0.432 
  
SR 0.006 0.035 0.183 0.856 
  
ins -0.063 0.032 -1.952 0.061 
 
#2 (6.69/1.79) (Intercept) 0.179 0.037 4.870 0.000 
  
EH 0.018 0.034 0.534 0.598 
  
SR 0.024 0.034 0.689 0.497 
  
prec 0.044 0.032 1.385 0.178 
 
#3 (8.11/3.21) (Intercept) 0.179 0.038 4.716 0.000 
  
EH 0.029 0.035 0.833 0.412 
  
SR 0.025 0.043 0.587 0.562 
  
wt 0.010 0.040 0.265 0.793 
Group IV #1 (-42.25/0.00) (Intercept) 0.050 0.011 4.683 0.000 
  
EH -0.010 0.012 -0.800 0.431 
  
cyano 0.004 0.013 0.341 0.736 
  
SR -0.011 0.014 -0.825 0.417 
  
wt 0.030 0.015 2.018 0.054 
 
#2 (-38.34/3.91) (Intercept) 0.050 0.011 4.679 0.000 
  
EH -0.006 0.013 -0.444 0.661 
  
cyano 0.017 0.012 1.359 0.186 
  
SR 0.009 0.013 0.674 0.507 
  
ins 0.008 0.013 0.593 0.558 
 
#3 (-38.06/4.19) (Intercept) 0.050 0.011 4.473 0.000 
  
EH -0.006 0.013 -0.429 0.671 
  





SR 0.005 0.012 0.446 0.659 
  
prec -0.002 0.013 -0.179 0.860 
Group V #1 (-24.08/0.00) (Intercept) 0.085 0.010 8.308 0.000 
  
EH 0.050 0.015 3.240 0.003 
  
cyano -0.007 0.015 -0.461 0.648 
  
SR -0.013 0.013 -0.993 0.330 
  
prec -0.030 0.016 -1.858 0.075 
 
#2 (-21.90/2.18) (Intercept) 0.085 0.011 7.480 0.000 
  
EH 0.040 0.016 2.473 0.020 
  
cyano 0.005 0.015 0.338 0.738 
  
SR -0.013 0.016 -0.801 0.430 
  
ins 0.015 0.017 0.849 0.404 
 
#3 (-21.70/2.38) (Intercept) 0.084 0.012 7.049 0.000 
  EH 0.037 0.016 2.236 0.034 
  
cyano 0.008 0.017 0.472 0.641 
  
SR -0.016 0.017 -0.961 0.345 
  
wt -0.008 0.020 -0.413 0.683 
Group VI #1 (-28.16/0.00) (Intercept) 0.051 0.013 4.032 0.000 
  
EH 0.006 0.015 0.372 0.713 
  
cyano 0.008 0.017 0.458 0.651 
  
SR 0.026 0.017 1.545 0.134 
  
wt -0.003 0.019 -0.174 0.864 
 
#2 (-28.01/0.15) (Intercept) 0.051 0.013 4.014 0.001 
  
EH 0.005 0.015 0.326 0.747 
  
cyano 0.006 0.015 0.392 0.698 
  
SR 0.021 0.016 1.324 0.197 
  
ins -0.008 0.016 -0.482 0.634 
 
#3 (-27.76/0.40) (Intercept) 0.051 0.013 4.052 0.000 
  
EH 0.006 0.016 0.348 0.731 
  
cyano 0.006 0.016 0.397 0.695 
  
SR 0.024 0.014 1.715 0.098 
  
prec 0.000 0.016 -0.008 0.994 
Group VII #1 (3.55/0.00) (Intercept) 0.115 0.028 4.074 0.000 
  
EH 0.029 0.029 1.005 0.324 
  
cyano 0.002 0.032 0.075 0.941 
  
SR -0.003 0.034 -0.101 0.920 
  
wt 0.007 0.036 0.190 0.851 
 
#2 (3.85/0.30) (Intercept) 0.115 0.027 4.260 0.000 
  
EH 0.032 0.029 1.125 0.271 
  
cyano 0.008 0.029 0.279 0.782 
  
SR 0.005 0.030 0.163 0.872 
  
ins 0.012 0.029 0.411 0.684 
 
#3 (4.03/0.48) (Intercept) 0.115 0.028 4.139 0.000 
  
EH 0.029 0.030 0.943 0.355 
  
cyano 0.007 0.030 0.246 0.808 
  





prec 0.005 0.029 0.186 0.854 
 
